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ABSTRACT OF DISSERTATION

CELL AND BIOFILM ADHESION STRENGTH QUANTIFIED BY THE LASER
SPALLATION TECHNIQUE YIELDS A NOVEL BIOCOMPATIBILITY METRIC,
THE ADHESION INDEX
Implant associated infections are one of the leading causes of hospital acquired infections
in the United States. Medical orthopedic implant devices are designed to improve adhesion
of relevant cells within our body. In the case of orthopedic implants, osteoblast cells will
adhere and allow for proper integration with the body’s bones. However, virulent bacteria
will also adhere onto medical implants and proliferate into biofilms. Bacterial biofilms
become extremely difficult to eradicate clinically as antibiotics are not as effective,
resulting in severe infections or loss of implant. The aim of this research is to quantify the
adhesion strength differential between relevant bacterial biofilms and osteoblast-like cell
monolayers onto orthopedic implant-simulant surfaces. The laser spallation technique, a
non-contact and rapid onset thin film adhesion technique is employed to quantify adhesion
strength. High-amplitude short-duration stress waves generated by laser pulse absorption
are used to spall bacteria and cells from titanium substrates. By carefully controlling laser
fluence and calibration of laser fluence with applied stress, the adhesion difference between
bacterial biofilms and osteoblast like cell monolayers are obtained. Environmental factors,
such as supplement concentration, and surface factors, such as surface roughness and
surface preconditioning treatments, are investigated. Several studies are performed to
validate and adapt the laser spallation technique for biological purposes, including special
calibrations for roughened surfaces and exploring location dependence of biofilm
adherence. Finally, the ratio of cell adhesion strength to biofilm adhesion strength, termed
the Adhesion Index, is determined as a nondimensionalized parameter for biocompatibility
assessment. The Adhesion Index is implemented to determine surface factors that promote
favorable adhesion of cells greater than biofilms. Here, an Adhesion Index greater than one
suggests favorable biocompatibility. The laser spallation technique provides a platform to
examine the tradeoffs of adhesion modulators on both biofilm and cell adhesion.
KEYWORDS: LASER SPALLATION TECHNIQUE, ADHESION, BACTERIAL
BIOFILMS, CELL MONOLAYERS, BIOCOMPATABILITY
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Chapter 1. Introduction to dissertation
1.1 Biofilm proliferation in implantology
Medical devices have long been invented in order to improve patients’ lives and
have transformed expected outcomes withing the health care world. The incorporation of
medical devices has resulted in clinical improvements in mobility, and bodily function. A
few examples of these devices include orthopedic and prosthetic implants, urinary
catheters, cardiac implants, central and peripheral vascular catheters, contact lenses, etc.
[1]. The technology we use to develop medical devices has been advancing as we have as
a society. From archaeological discoveries unearthing a 5000-year-old Persian priestess
with a golden prosthetic eye [2], to the recent Food and Drug Association (FDA) approved
Deep Brain Stimulation (DBS) Systems [3]. One unfortunate constant throughout these
devices, however, is rates on infections. While the actual rates of infections vary based on
device and application, device related infections account for a quarter of all infections [48]. The main cause for medical device related infections is the formation of bacterial
biofilms [9-11]. Bacterial biofilms form when planktonic bacteria colonize a surface,
proliferating and forming a complex film [12]. Unlike planktonic bacteria, bacterial
biofilms are orders of magnitude more antibiotic resistant, making treatment of formed
biofilms exceedingly difficult [13-15]. Medical devices which promote adhesion and
proliferation of the bodies healthy cells and deter the adhesion of bacteria, and the
formation of biofilms, would result in a massive leap in the field of implantology.
1.2 Bacterial biofilm formation process
Bacteria exist in two forms, either isolated and free floating (planktonic), or
colonized typically on surfaces as biofilms [12, 15-19]. Planktonic and biofilm bacteria are

1

characterized very differently from each other. While planktonic bacteria favor motility,
bacteria in biofilm promote sessile state traits, ideal for surface attachment and the
development of extracellular polymeric substances (EPS) [16, 18-20]. The EPS is a slimy
matrix which serves as a scaffold, protection, and environment for the bacteria within the
colonized biofilm [11, 21, 22]. The key to the formation of bacterial biofilms is the initial
attachment and propagation of early colonizing bacteria [16, 18]. Opportunistic planktonic
bacteria will initially adhere to a surface either through physical forces, such as van der
Waals forces, or by a variety of bacterial appendages including curli, pili, and flagella,
often referred to as adhesins [9, 11, 16, 22-24]. While initial attachment of bacteria to a
surface is reversible because of the often-weak interactions of bacteria and surface, if
attraction forces are great enough the surface bacteria will modify becoming immobile and
attach to the surface [9, 16, 22]. This immobilization results in an irreversible adhesion and
an increase in surface adhesion as a monolayer of EPS begins to secrete [11, 22, 25, 26].
From this point maturation of the biofilm occurs through further collection of bacteria, now
adhering to the more inviting EPS monolayer, binary fission of existing bacteria, and
further production of EPS [11, 15, 22, 27]. The developed ecosystem self-regulates through
quorum sensing resulting in a communicative and robust colony of bacteria [9, 22, 28].
Once biofilm formation occurs, especially in vivo, removal by means other than external
forces become exceedingly difficult. Allowing initial cell attachment onto devices will
greatly reduce infection rates for medical devices.
1.3 Cell integration of implanted devices
Mammalian cells conduct adhesion differently compared to bacteria. Cell adhesion
molecules (CAMs) located on the outside of the cell membrane are responsible for both
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cell-surface adhesion and cell-cell cohesion [29-32]. Cells, which initially attach in more
spherical shapes, flatten and spread across the surface increasing the area of contact and
increasing cell-surface adhesion [30, 33]. Cells undergo mitosis and secrete extracellular
matrix material which help provide more attachment cites for cells and strengthen cellsubstrate adhesion along with cell-cell adhesion [34-37]. The attachment of CAMs onto
certain medical implanted devices surfaces are crucial for the integration of said medical
device, and a successful recovery for the patient [38-40]. Several wound healing factors
supplied by the body after implantation aid in the attachment process, such as fibronectin
and other clotting factors [30, 41, 42]. Thus, the environment in which these implants are
placed actively determines outcomes for adhesion of cells.
1.4 Surface and environmental factors which regulate adhesion
While the mechanisms that drive adhesion for both mammalian cells and bacterial
biofilms are very different, the need for strong initial adhesion and the impact the
environment plays on adhesion are similar. During the initial adhesion of bacteria and
mammalian cells onto medical surfaces a variety of factors influence how strongly
adhesion occurs. Fig 1.1 illustrates the competition between bacteria and cells and how
various environmental and surface factors impact adhesion. Adhesion strength is dictated
by surface factors such as morphology, conditioning layers, and material composition, and
environmental factors such as acidity, and nutrient concentrations, to name a few [12, 18,
34, 43, 44]. Developing implants with this competition in mind will help reduce the rates
of bacterial biofilm infections that proliferate the industry. Quantifying the impact these
factors have on adhesion strength is the first step to being able to tailor medical devices to
promote cell adhesion and deter bacterial adhesion.
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Figure. 1.1 Visual representation of various surfaces, including surface morphology,
charge, and precondiditong protein layers, and environmental, inlcuding nutrient
concentratino and acidity, factors which can impact adhesion strength of bacteria and cells.
1.5 Laser spallation as an adhesion technique
There are a variety of quantitative adhesion tests commonly employed in biological
applications, namely shear flow tests and atomic force microscopy [45-47]. However, the
relatively slow development of shear forces during shear flow testing allows for
modification of biofilms to occur, making true adhesion strength tests difficult [45, 48].
Additionally, AFM has been used successfully for pull off forces for individual bacteria
but is not a technique well suited for biofilm formation [47, 49]. The laser spallation
technique is a rapidly occurring non-contact adhesion test suited for the adhesion strength
of films and has had recent use in biological research [50-52]. The relatively large spot size
allows for the different micro adhesion mechanisms within bacteria and cells to be ignored
in favor of the overall macroscopic adhesion of each film [53, 54]. Resulting in a
comparable quantified adhesion strength for both bacterial biofilms and cellular
monolayers [55]. In the laser spallation technique, a nanosecond pulsed laser, typically
Nd:YAG as shown in Fig 1.2, is used to create a high amplitude compressive stress pulse
4

in the substrate [52, 56, 57]. The compressive stress pulse, able to generate stresses on the
order of GPa, then reflects as a tensile wave at the free boundary, and with sufficient
magnitude, will cause delamination, or spallation, of film-substrate interface [52, 56, 58,
59].

Figure. 1.2 Schematic of the laser spallatino technique with a michelson
typeinterferometer in order to capture free surface displacments. (Reproduced with
permission from Ehsani et al. [52], Copyright (2021) American Society of Mechanical
Engineers ).
1.6 Michelson type interferometric measurements
In order to determine stress wave magnitudes generated during the laser spallation
process typically a Michelson type interferometer is employed to capture free surface
velocity and then obtain stress wave profiles. The Michelson type interferometer is aligned
with the Nd:YAG, as depicted in Fig 1.2, in order to fully capture the maximum
displacement caused during stress wave propagation and reflection at the free surface [52,
60-63]. A steady state laser, typically 532 nm, is first split using a beam splitter with half
of the laser driving towards the reflective sample, while the other half propagates towards
a fixed mirror. The lasers reflect off and recombine at a photodetector where any change
5

in displacement of the two beams will result in a change in light intensity due to the doppler
effect [61]. The light intensity pattern recorded on an oscilloscope, which is related to the
fringe count, n(t), is
𝐼(𝑡) =

+

(sin(2πn(t) + φ))

(Eq.1.1)

Where I max and Imin are the maximum and minimum intensities of the interference fringes
and φ is the phase angle. The number of fringes, n(t), is determined by unwrapping the
voltage curve and the equation above. The free surface displacement u(t) can then be
obtained from
𝑢(𝑡) =

()

(Eq. 1.2).

One complete fringe shift corresponds to a displacement of λ 0/2 of free surface. Once the
free surface displacement is obtained from the interferometric measurements, the
compressive stress propagating through the substrate is calculated using
𝜎
Where 𝜎

(𝑡) = 𝜌𝐶

( )

(Eq. 1.3)

(𝑡) is the stress wave generated during spallation that travels through the

substrate, 𝜌 is the density of the substrate, Cd is the wave speed of the substrate, and

( )

is the temporal velocity, of free surface. From this substrate stress profiles further wave
equations, specifically the reflection and transmission coefficients, can be applied in order
to determine the magnitude of stress leading to spallation of a thin film. This interface
stress magnitude is known as the adhesion strength of the film.
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1.7 Overview of dissertation
The focus of this work is on quantifying the adhesion strength of relevant bacterial biofilms
and cell monolayers onto implant mimicking surfaces. The first major question
investigated was the effect that increasing concentrations of sucrose had on oral biofilm
adhesion strength (Chapter 2). Next the effect of surface tension on adhesion strength for
bacterial biofilms was investigated (Chapter 3) along with the impact surface roughness
has on stress wave generation in thin film systems (Chapter 4). Chapter 5 investigates how
surface roughness effects the adhesion strength for bacterial biofilms and cell monolayers
and discusses the novel Adhesion Index. The impact of different conditioning layers on
adhesion strength is investigated in Chapter 6. Finally, Chapters 7 and 8 will conclude with
summary of work as well as future projects.
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Chapter 2. Sucrose concentrations modulate oral biofilm adhesion
2.1 Introduction
The effects of biofilms are especially prevalent in the medical field considering the
need for sterility in treatment and prolific use of implanted devices, which are prone to
biofilm formation [1]. One specific device that experiences relatively high rates of biofilm
formation is the dental implant. Approximately 3 million individuals have dental implants
with 500,000 new implants each year according to the American Academy of Implant
Dentistry. During implantation, implant surfaces are exposed to bacteria present in the oral
cavity. The formation of bacterial biofilms on implant surfaces can result in the
development of severe infections and necrosis of surrounding tissue [1]. In particular, oral
bacteria can attach to dental implants and lead to peri-implantitis, a disease formed by
subgingival biofilm between dental implants and surrounding tissue. Peri-implantitis can
lead to the necrosis of the gum surrounding the implant as well as total failure of the implant
[2]. Peri-implantitis infections, along with biofilms in general, are difficult to treat with
ordinary antibiotics [3, 4]. The colonization of bacteria and combinations of several
different bacteria in biofilms results in an antibiotic resistant organism [5]. Prevention of
strong biofilm adhesion could alleviate some of the deleterious effects of biofilmassociated implant infections. An understanding of factors that contribute to strong biofilm
adhesion at implant interfaces will guide the development of prevention strategies.
Adhesion techniques have previously been categorized into two groups: counting
methods and critical force methods [6]. The first group includes microscopy techniques
that describe the presence, amount, activity, and/or type of bacteria. The second group of
critical force methods measures quantitatively the strength of the adhesion. Counting
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methods are ubiquitous as the main identifier of biofilm surface coverage through
observation. However, coverage tells us little about the strength of the adhesion making
these techniques not suited for quantitative adhesion measurements.
Critical force techniques are divided into microscopic and macroscopic levels.
Microscopic critical force techniques refer to probing adhesion mechanisms in reference
to individual basis or only a small collection of microorganisms. Predominant microscopic
methods to measure bacterial interactions with surfaces include atomic force microscopy
(AFM) [7, 8] and optical tweezers [9, 10]. Opto-acoustic techniques have also been used
to show adhesion and stiffness of single cells [11]. While these techniques are useful in
revealing fundamental molecular mechanisms underlying adhesion [12], extrapolation of
nano-scale forces to macroscale adhesion strength erroneously ignores any scale
dependence [13]. These nano-scale forces, such as van der Waals forces, do impact
adhesion of bacteria onto surfaces, but by measuring forces only associated with a few
cells, as opposed to the large colonies of highly integrated bacteria found in fully developed
biofilms, the effects of these unmeasured macro-forces associated with extracellular
polymeric substance (EPS) development are not measured, thus nano-scaled forces cannot
be used solely to determine whole biofilm substrate adhesion [14].
For assessing biofilm adhesion quantitatively on a macroscopic level, few
techniques currently exist appropriate for low cohesive films. Common thin film adhesion
techniques such as stud pull, and peel tests [15, 16] are less applicable for biofilms because
good “grip” is required for measurements which is not possible with the low cohesive
strength of biofilms. Fracture techniques have been adapted to account for the
deformability of proteinaceous substances [17], but the failure mode is typically cohesive
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and therefore does not quantify the adhesive strength. Another approach is the use of fluid
flow to impose a shear stress across the biofilm [18]. However, during shear loading, and
due to the topology of the biofilm surface, the biofilms may break apart cohesively,
especially on the outside layer of biofilm, degrading the biofilms before total delamination
resulting in inaccurate surface adhesion measurements. Biofilms will remodel on time
scales of seconds, which aligns with ramp times associated with shear flow systems [19].
A macroscale method for quantifying biofilm adhesion would be a significant advance over
previous techniques. Furthermore, a noncontact method (e.g., laser spallation) would
circumvent the need for a good “grip” on the material and would avoid harmful disruption
of the film prior to measurement.
Laser spallation methods have been used previously to quantitatively express the
adhesion of a variety of films with a special focus on polymeric films [20-24] and metallic
films [24-27] with recent exploration of composite bonding [28, 29] and sol-gel film
adhesion [30]. Laser spallation methods have also been used when measuring the adhesion
of mammalian cells and tissues [31-34]. The use of the laser spallation technique is optimal
as it results in quantified adhesion strength, while using a non-contact high strain rate
pressure wave [27, 35]. Generation of the pressure wave on the backside of the substrate
opposite to the film prevents disturbance of the biofilm surface prior to measurement and
the nanosecond loading precludes the time necessary for the biofilm to break apart under
loading, as in shear flow measurements, and instead gives measurements on the whole
intact biofilm.
To establish the method for biofilm-adhesion measurement, a single-species
biofilm of Streptococcus mutans, S. mutans, a Gram-positive bacterium is selected for
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biofilm growth. S. mutans is a major etiological agent of human dental caries that colonizes
the oral cavity and also forms bacterial biofilms [36]. Moreover, it has been shown to
stimulate the growth and adhesion of other bacteria to form biofilms [37]. S. mutans
biofilms are highly dynamic three-dimensional structures which consists of bacteria
enmeshed in EPS [38, 39]. The major component of the EPS is exopolysaccharide which
is produced by secreted glucosyltransferases [40]. These enzymes catalyze synthesis of
glucans from sucrose [41]. Here, varying concentrations of sucrose were added to media
in which the biofilms were grown in order to assess the relationship between sucrose
concentration and adhesion strength of the S. mutans biofilms to titanium. Titanium is the
current standard in the dental implant industry for many reasons such as its
biocompatibility with bone and surrounding gum, high corrosion resistance, and its
modulus of elasticity is comparable to that of bone [42, 43]. Thus, commercially pure
titanium was used to mimic the surface of a dental implant [44] though there has been an
increase in research of a number of titanium alloys or zirconia implant materials [45].

2.2 Materials
2.2.1 Substrate Assembly
Glass slides with one side coated with commercially pure titanium, composed of
99.995% titanium, (100 nm thick) and one side coated with aluminum (300 nm) were
purchased from Deposition Research Laboratory Inc. (DRLI). The aluminum side of the
sample is used as an absorbing layer for the Nd:YAG laser. Using a diamond-tip scribe,
the slides were cut into 1″x1″ squares. A layer of sodium silicate (waterglass) is spun cast
at 3000 rpm for 5 min on the aluminum side. Holes of 13/16 in were cut into the bottom of
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Petri dishes (VWR 35x10 mm) using a spade bit and a lathe. DRLI slides were adhered
using room temperature vulcanizing silicone (Dow Corning 732 RTV Sealant) to the
bottoms of the Petri dishes shown in Figure. 2.1. Importantly, the adhesive does not
interfere with biofilm growth. With the slides attached to the bottom of the Petri dishes,
the dishes are ready for sterilization and biofilm culture. A second Petri dish is used to
encapsulate the backside of the substrate assembly to prevent disturbance of the sodium
silicate layer prior to testing.

Figure. 2.1 A. Schematic of custom substrate assembly made from 35 mm Petri dishes for biofilm
growth. The thicknesses of each layer in the assembly are given. B. Optical image of assembly dish
where the titanium layer is visible. The growth region is approximately 1” in diameter. C. Optical
image from underneath the substrate assembly where the aluminum layer on the backside is visible.
The substrate assembly is prepared for waterglass application followed by biofilm growth. Scale
bar is 10 mm. (Reproduced with permission from Boyd et al. [46], Copyright (2019) Springer).

2.2.2 Bacterial Growth and Biofilm Formation
Streptococcus mutans (Wild type Xc) [47] were suspended in Todd Hewitt Yeast
broth (THY) with 20% glycerol and kept as a frozen stock in a -80 °C freezer. Frozen
bacteria stock was thawed gently then a small amount was removed with a sterile
inoculating loop and placed into 5 mL of THY within a 15 mL centrifuge tube. The
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centrifuge tube was then placed into a warming bath at 37 °C. After 24 hrs, the optical
density (OD) at 600 nm was measured using a GE Ultrospec 8000. By growing the bacteria
from stock, a desired OD600 was kept constant to inoculate all substrate assemblies.
Substrate assemblies were sterilized using 70% ethanol in DI water followed by UV
irradiation for 30 minutes. To each substrate assembly, 3 mL of THY (or THY+sucrose)
was added followed by 1 mL of THY that contained an OD600 of 0.7 of S. mutans. Because
of the dilution, the final OD600 at inoculation was 0.175. Final concentration of
THY+sucrose was: THY control, 37.5 mM, 75 mM, 375 mM and 750 mM sucrose.
Inoculated substrate assemblies were then placed in an incubator at 37 °C with 5% CO 2
and cultured for 24 hrs. Media was then removed and the biofilms were gently rinsed with
phosphate buffered saline (PBS) in order to remove any bacteria not colonized within the
biofilm.

2.3. Methods
2.3.1 Laser Spallation Method
Substrate assemblies with biofilms were placed into a laser spallation set up as
shown in Figure. 2.2. An Nd:YAG laser (Spectra Physics Quanta-Ray), which emits an
infrared light pulse of 10 ns with a wavelength of 1064 nm, travels through a motorized
attenuator (Newport VA-BB Series) in order to attenuate the pulse energy. Once the laser
is attenuated, it passes through a focusing lens to decrease the beam diameter to our desired
diameter, 2.2 mm. Then the focused and attenuated beam is reflected, using a 1064 nm
Nd:YAG Thorlabs mirror, to arrive at the backside of the substrate assembly. Once the
infrared light wave contacts the aluminum energy absorbing layer on the back surface of
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the substrate assembly, the light wave is converted into a compressive acoustic wave which
propagates through the substrate. The wave then reflects at the thin film free surface
resulting in a tensile load onto the biofilm-titanium interface. If the magnitude of the tensile
load is greater than the biofilm-titanium adhesion strength, the biofilm will be ejected from
the surface in a process called spallation. Each substrate assembly can be loaded at multiple
locations by adjusting appropriate translation stages. Multiple biofilms (3-5 dishes, average
of 12 tests per dish) were grown under each growth condition and loaded over a range of
fluences. Multiple biofilms were grown to account for the inherent variability found when
culturing bacteria, including variability in thickness and adhesion strength. Variability of
these parameters were captured by the sigmoidal spallation statistics that demonstrate that
spallation can occur over a tight group of fluence values.

Figure. 2.2 Schematic of laser spallation set-up including where Nd:YAG pulse energy is
modulated using a motorized attenuator, passes through a focusing lens to control the spot size,
reflects from a YAG-specific mirror and is incident on the backside of the substrate assembly. If
the amplitude of the stress wave generated from impingement of the Nd:YAG pulse is greater than
the strength of adhesion, biofilm within the loaded region will be ejected from the surface.
(Reproduced with permission from Boyd et al. [46], Copyright (2019) Springer).

2.3.2 Interferometric calibration protocol
Due to the unreflective nature of bacterial biofilms, a set of calibration experiments
is necessary because in situ interferometry measurements could not be performed. Instead,
calibration experiments were performed directly with unmodified substrate assemblies
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used for spallation experiments following previously described protocols [21, 31]. Briefly,
titanium surface displacements are measured with a Michelson interferometer that includes
a 532 nm continuous wave laser (CrystaLaser CL-2000). A high-rate oscilloscope (LeCroy
WaveRunner 8404M) captures the temporal voltage trace from a silicon photodetector
(Electo Optics ET 2030). The voltage trace can be expressed with the equation,
𝑉(𝑡) =

∗ sin (2𝜋𝑛 (𝑡))

+

(Eq. 1)

where Vmax and Vmin are the voltage maximum and voltage minimum of each interference
fringe. The interference fringe number, n(t), is unwrapped and then converted to
displacement using [48],
𝑢(𝑡) =

( )

,

(Eq. 2)

where λ0 is the wavelength of the interferometric laser, 532 nm. For a simple bi-material
interface, the evolution of the substrate stress can easily be determined from the
displacement history using the principles of one-dimensional wave mechanics [48]. When
the thickness of the test film is sufficiently small, the following analytic thin film equation
for the substrate stress, σsub, is valid,
𝜎

= − (𝜌𝐶 )

(Eq. 3)

where ρ and Cd respectively denote the density and dilatational wave speed of the substrate.
From this equation a peak substrate stress can be measured.

2.4 Results
2.4.1 Microscopy of Loaded Biofilms
The laser spallation technique was used to load biofilm-titanium interfaces at a
range of laser fluence values (energy per area). After loading, specimens were investigated
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using a stereo microscope (Olympus SZ61). The onset of failure of the biofilm-titanium
interface was marked by spallation of the biofilm from the surface of the titanium resulting
in a dark spallation region. For example, Figure. 2.3 shows optical images of before and
after loading at a range of laser fluences on a biofilm cultured in 37.5 mM sucrose. As laser
fluence increased, the spallation region also increased.

Figure. 2.3 A. Optical image of a test biofilm grown in 75 mM sucrose media prior to loading. B.
Optical image of biofilm after loading. Dashed circles indicate the approximate location of a loaded
region. The size of the circle is exaggerated to not obstruct loaded regions. Each dish is loaded at
10-15 locations with a range of laser fluences. For example, location ① was loaded at 39.7
mJ/mm2, location ② 47.7 mJ/mm2, location ③ 55.6 mJ/mm2 location ④ 63.5 mJ/mm2, and
location ⑤ 79.4 mJ/mm2, respectively. There is an increase in visible damage to the biofilm with
increasing laser fluence. Scale bar is 3 mm. (Reproduced with permission from Boyd et al. [46],
Copyright (2019) Springer).

Magnification of the spallation region illustrates the relationship between fluence
and the size of the spallation region. Figure. 2.4 shows optical images for THY control
and 75 mM sucrose biofilms at increasing laser fluence. At lower fluences, the biofilms
did not spall from the substrate as shown in Figure. 2.4 A for a THY control biofilm loaded
at a fluence of 23.8 mJ/mm2 and Figure. 2.4 E and F, a 75 mM biofilm loaded at a fluence
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of 23.8 mJ/mm2 and 31.8 mJ/mm2, respectively. At increasing fluence, the size of the
spalled region also increased. For example, THY control biofilms at fluences of 31.8
mJ/mm2, 39.7 mJ/mm2, and 55.6 mJ/mm2 (Figure. 2.4 B, C, and D, respectively) had
spallation regions of 0.26 mm2, 1.2 mm2, and 1.8 mm2, respectively. For 75 mM biofilms,
the onset of spallation occurred at a higher fluence shown in Figure. 2.4 G and H, which
had spallation regions of 0.5 mm2, and 1.5 mm2, for fluences of 39.7 mJ/mm2 and 55.6
mJ/mm2, respectively. All spallation regions were measured using ImageJ image
processing software.

Figure. 2.4 Optical images of loaded biofilms at increasing laser fluence for THY control (A.-D.)
and 75 mM sucrose biofilms (E.-H.), respectively. Fluence values increase from left to right and
each column includes the same loading fluence of 23.8 mJ/mm2 (A.,E.), 31.8 mJ/mm2 (B., F.), 39.7
mJ/mm2 (C., G.), and 55.6 mJ/mm2 (D., H.). Scale bar is 500 μm. (Reproduced with permission
from Boyd et al. [46], Copyright (2019) Springer).

Scanning Electron Microscopy (SEM) was used to investigate spalled regions to
confirm that the titanium film was undisturbed by the loading. Titanium-glass adhesion is
substantially greater than biofilm-titanium adhesion and we saw no evidence for
disturbance of the titanium film underneath. An SEM image of a spalled region with the
EDS (Energy Dispersive Spectroscopy) information is included in Figure. 2.5. EDS
signals were captured particularly isolating the binding energies of carbon and titanium.
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As shown in Figure. 2.5, the titanium spectra within the spalled region is extremely high
indicating the presence of the titanium film. The carbon spectra is extremely high in the
unloaded region compared to the loaded region indicating the biofilm has been spalled
from the titanium in the loaded region.

Figure. 2.5 A. SEM image of a spalled biofilm cultured in 75 mM sucrose loaded to a fluence value
of 79.5 mJ/mm2. B. Signal from EDS of Carbon (green). C. Signal from EDS of Titanium (red). D.
Overlay of signal from EDS onto the SEM image. The relative amounts of carbon and titanium
indicate the loading event ejected the biofilm from the titanium surface. Scale bar is 500 μm.
(Reproduced with permission from Boyd et al. [46], Copyright (2019) Springer).

2.4.2 Substrate stress calibration experiments
Each fluence value used during laser spallation experiments was calibrated using
the substrate stress calibration procedure described in Section 2.4. Representative
calibration curves at a loading fluence of 79.4 mJ/mm 2 appear in Figure. 2.6, which include
a raw voltage trace, temporal displacement obtained by Equation 2, and subsequent
substrate stress loading wave from Equation 3 with ρ = 2500 g/cm 3 and Cd= 5378 m/s, the
density and dilatational wave speed of glass, respectively [49].
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Figure. 2.6 Representative data obtained during calibration experiments at a fluence of 79.4
mJ/mm2: (A) photodiode output captured by an oscilloscope, (B) displacement of the film free
surface, (C) and substrate stress. Peak substrate stress is noted by a red circle. (Reproduced with
permission from Boyd et al. [46], Copyright (2019) Springer).

Calibration substrates were loaded at each fluence value 10 times, and the peak
substrate stress for each substrate stress pulse was averaged for the corresponding laser
fluence shown in Figure. 2.7. Lowest fluence value of 15.9 mJ/mm2 results in an average
substrate stress of 1.69±0.11 GPa. Average substrate stress increases monotonically with
increasing laser fluence reaching 3.54±0.13 GPa at a fluence of 79.4 mJ/mm 2. From these
calibration experiments, we demonstrate increasing laser fluence results in a higher
magnitude substrate loading pulse imparted to the biofilm.
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Figure. 2.7 Average peak substrate stress computed from calibrated displacement measurements
at incremented laser fluence (mJ/mm2). Error bars represent one standard deviation. (Reproduced
with permission from Boyd et al. [46], Copyright (2019) Springer).

2.4.3 Biofilm spallation statistics
Each loading location across all biofilm conditions was inspected for spallation of
the biofilm from the titanium surface and results are presented in Figure. 2.8 and 2.9. For
example, control biofilms grown in THY only showed no spallation at a loading laser
fluence of 15.9 mJ/mm2 for 10 loading sites, however, increasing the fluence to 23.8
mJ/mm2, 12 out of 18 or 67% of loading sites exhibited a spalled biofilm. Further
increasing the laser fluence to 32 mJ/mm2 and beyond resulted in spallation at 100% of
loading sites. By adding 37.5 mM sucrose to the media a delay in the onset of biofilm
spallation was observed. No biofilm spallation occurred at a fluence of 23.8 mJ/mm 2 for
biofilms grown in 37.5 mM sucrose concentration, which showed a 67% spallation rate for
THY control, demonstrating an increase in adhesion. For biofilms grown in 75 mM sucrose
the onset of biofilm spallation required even higher fluence value, no spallation occurred
at a fluence of 47.7 mJ/mm2, and 100% spallation rate was not reached until a laser fluence
of 79.4 mJ/mm2. This fluence value is 2.5 times the fluence needed for 100% spallation
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rate when compared to the THY control, and 2 times the fluence needed for 100%
spallation rate when compared to 37.5 mM + THY. This increase in laser fluence required
for spallation leads to the conclusion that adhesion of S. mutans is greatly enhanced by the
addition of 75 mM sucrose.

Figure. 2.8 Fraction of loading locations that showed delamination for biofilms on titanium
surfaces as a function of laser fluence for biofilms cultured in Todd Hewitt Yeast broth control
(THY control, solid black line), THY+ 37.5 mM sucrose (dark blue dashed line), and THY+75 mM
sucrose (cyan blue solid line). Increasing sucrose molarity from zero (control) to 75 mM increased
the laser fluence necessary to spall the biofilm. (Reproduced with permission from Boyd et al. [46],
Copyright (2019) Springer).

Figure. 2.9 Fraction of loading locations that showed delamination for biofilms on titanium
surfaces as a function of laser fluence for biofilms cultured in THY+75 mM sucrose (cyan blue
solid line), THY+375 mM sucrose (long red dash line), THY+750 mM sucrose (red short dash
line). After 75 mM, increasing sucrose molarity decreased the laser fluence necessary to spall the
biofilm. (Reproduced with permission from Boyd et al. [46], Copyright (2019) Springer).
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Increasing the sucrose concentration further did not result in enhanced adhesion,
but instead a decrease in adhesion, and thus the 75 mM sucrose concentration was deemed
the adhesion saturation point. Therefore, there exists an optimal sucrose concentration that
will result in the strongest adhering biofilm. If more sucrose is added, the media will
become saturated, and the bacteria will not as strongly colonize to the surface. Figure. 2.9
includes spallation rate at each fluence for 375 mM sucrose, 750 mM sucrose, and the
saturation point 75 mM sucrose for reference. The onset of spallation occurred at lower
fluences for 375 mM sucrose and 750 mM sucrose than the lower concentration of 75 mM
sucrose. For example, at a fluence of 39.7 mJ/mm2, biofilms cultured in 375 mM sucrose
exhibited a spallation rate of 25% while biofilms cultured in 750 mM sucrose exhibited a
spallation rate of 78% and 75 mM sucrose exhibited no spallation at that fluence value.
Number of test sites at each fluence are included in Table 2.1.
Table 2.1. Fraction of loading sites with film disruption at a range of fluence values for each biofilm
grown in Todd Hewitt Yeast (THY) broth with the following concentrations of sucrose: THY
control (control), 37.5 mM, 75mM, 375 mM and 750 mM.
Biofilm Growth Conditions
Fluence
Values
(mJ/mm2)
15.9

THY

37.5 mM

75 mM

375 mM

750 mM

fraction
#
fraction
#
fraction
#
fraction
#
fraction
#
observed loading observed loading observed loading observed loading observed loading
failure
sites
failure
sites
failure
sites
failure
sites
failure
sites
0.00
10
0
0
0
0

23.8

0.67

18

0.00

15

-

0

-

0

0.00

11

31.8

1.00

16

0.73

15

-

0

0.00

12

0.30

23

39.7

1.00

16

1.00

15

0.00

15

0.25

12

0.78

18

47.7

1.00

9

1.00

15

0.00

15

0.83

16

0.89

18

55.6

-

0

-

0

0.67

15

0.92

16

1.00

12

63.5

-

0

-

0

0.87

15

-

6

-

0

79.4

1.00

13

1.00

15

1.00

15

1.00

16

1.00

15

total number

82

75

75

78

97

Critical fluence of failure was determined by the fluence at which the majority,
greater than 50%, of tests resulted in spallation occurrence. Critical laser fluence was
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calculated for each sucrose concentration, THY only, 37.5 mM, 75 mM, 375 mM, and 750
mM and were 23.8 mJ/mm2, 31.8 mJ/mm2, 55.6 mJ/mm2, 47.7 mJ/mm2, and 39.7 mJ/mm2,
respectively. Because an increase in fluence is directly calibrated to an increase in substrate
stress (Figure. 2.7), critical fluence values provide a valid trend for biofilm adhesion
strength onto the substrate. Figure. 2.10 shows the trend for average peak substrate stress
vs sucrose concentration for all biofilms in this study. Peak substrate stress profiles have
been shown to correlate to a unique interface stress using finite element analysis for
mammalian cell monolayers [31] but has yet to be applied to thicker biofilms. Development
of a finite element analysis for thicker bacterial biofilms is an active area of research.

Figure. 2.10 Calibrated substrate stress at the critical fluence of failure for S. mutans biofilms
across sucrose concentrations. Error is calculated from substrate stress calibrations. (Reproduced
with permission from Boyd et al. [46], Copyright (2019) Springer).

2.5 Discussion
The change in the fluence required for spallation of S. mutans biofilms from
titanium revealed a non-monotonic relationship between sucrose molarity and adhesion
strength. Initially as sucrose concentration increased, the adhesion strength increased.
Eventually, however, the media becomes over saturated with sucrose decreasing the
adhesion strength. One possible explanation is the increased formation of acid end28

products during fermentation of dietary sugars [50]. Normally this production of acids is a
driving force in the generation of cariogenic dental biofilms, however, as more sucrose is
added, the generated acidic environment could have an impact on the adhesion strength of
the extracellular matrix. This trend corresponds to previous studies of the effect of sucrose
levels on oral bacteria development performed by Cai et al. [51], who used a change in
biofilm volume as a measurement for adhesion strength. While the measurement of biofilm
volume corresponds to how much the biofilm has grown, it will not yield a quantitative
measurement of adhesive forces. In the previous study mentioned they determined, using
a polynomial regression fit to adhesion vs sucrose molarity measurements, that 0.45%
(w/v) sucrose was the optimal concentration for adhesion, which corresponds to
approximately 13 mM. While this concentration is less than our optimal adhesive strength
tested, the data obtained from Cai et al. show that adhesion strength does initially increase
with sucrose concentration, holds relatively constant over a range of concentrations, until
the adhesion decreases at a very high concentration. The plateau for maximum adhesion
strength occurs from 0.1% to 20% (w/v), or approximately 3 mM to 590 mM, a relatively
large range of values. The peak sucrose value found in our study of 75 mM does lie within
this range.
There are limitations when applying the laser spallation technique to interfaces
involving biological constituents. Cell membranes (e.g., sarcoma cells) in PBS have been
shown to be altered by stress waves, though these changes are complicated by the
possibility of micro-cavitation [52]. In our system, PBS is removed prior to laser-induced
spallation loading reducing the likelihood of cavitation. An additional consideration for
stress wave loading, is that the same stress wave amplitude must be generated at the same

29

fluence for a direct comparison. For thin film on substrate systems, this assumption is
satisfied when the films being loaded have the same material parameters such as wave
speed, density, and thickness. For biological materials, there may be more variability in
these parameters which will affect the stress wave amplitude as well as the stress wave
velocity. Our assumption in this study is that these variations are small, self-consistent, and
will be included in the failure statistics for our large sample size. Assuming similar
mechanical properties of the biofilm cultured under the varying sucrose concentrations,
including transmission and reflection coefficients of stress at the substrate-biofilm
interface, higher substrate stress is correlated with higher biofilm-substrate adhesion.
We have demonstrated the use of laser-induced spallation as a technique to measure
the adhesion strengths of bacterial biofilms on surfaces using S. mutans biofilms grown on
titanium. The influence of sucrose on biofilm adhesion was probed by adding different
concentrations to the growth media during inoculation. After 24 hrs of growth on custom
titanium substrate assemblies, biofilms were loaded using the laser spallation technique.
The relationship between sucrose concentration and biofilm-titanium adhesion strength
was increasing for lower sucrose concentrations 0 to 75 mM, after which the adhesion
strength became decreasing for higher sucrose concentrations 75 mM to 750 mM. This
trend follows a similar relationship found between growth characteristics of S. mutans
biofilms and sucrose [51].
This technique can be applied further to different biofilm-surface combinations.
Our custom substrate assemblies allow for easy substitution of substrates with different
surface treatments, patterns, and composition as well as the study of varied single and
multi-species biofilms. By extending the range of material interfaces probed by the laser
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spallation technique to include biofilms, our aim is to identify factors that significantly
alter macro-scale adhesion strength of biofilms on implant surfaces. Once factors are
identified, they will lead directly to the development of implant surfaces that reduce
adhesion strength of colonizing bacteria perhaps reducing the likelihood of the onset of
biofilm-associated infections.
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Chapter 3. Laser spallation technique is suited for multiple loaded regions on single
biofilm
3.1. Introduction
One initial concern when examining the loading of bacterial biofilms was any
surface tension effects caused by secretion of the EPS. Biofilms are thin coatings of
bacteria that are encased in a gel-like material called extracellular polymeric substances,
or EPS [1, 2]. The EPS is excreted from bacteria, and its mechanical properties are affected
by many factors including nutrients in the environment, shear forces, and temperature [35]. The EPS contributes to the high adhesion strength of biofilms [6-8], which allows
bacteria to thrive in a multitude of environments and often causes detrimental effects on
the surfaces they inhabit. The most ubiquitous macroscopic adhesion technique typical for
bacterial biofilms is shear flow studies [9, 10]. Shear flow studies apply a uniform
boundary of fluid flow which applies a shear stress across the entire bacterial biofilm,
leading to complete detachment at failure. Any membrane tension produced during
bacterial biofilm formation would be mitigated using this technique.
The laser spallation technique was recently adapted to quantify the adhesion of
bacteria biofilms by targeting regions over single bacterial biofilms [11]. A single laser
pulse impinges upon the uncoated side of the substrate, where the light energy is absorbed,
confined, and transferred as a compressive stress wave that propagates toward the film
coated side of the substrate. Once the stress wave arrives at the free surface, it reflects
toward the interface in tension. If the magnitude of the tensile stress is greater than the
adhesion strength of the coating-substrate interface, a portion of the coating is ejected in a
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process called spallation, in bacterial biofilms a portion of the biofilm. The hole that
remains in the coating after the film is ejected is referred to as the spallation region.
The spallation region varies based on the laser loading fluence (energy per unit
area), and the coating composition or growth conditions. For example, several authors [1216] report a larger spall size at higher fluences when compared with the same coating
loaded at lower fluences, though no systematic study has been presented. It has also been
qualitatively shown that a loaded film with low adhesion strength would result in a larger
spall size than that of a high adhesion strength film loaded at the same fluence.
Laser spallation has been implemented to measure adhesion of various coatings
including metallic [12, 17-20] and polymeric [14, 16, 21] films, by obtaining the stress that
causes film failure. The use of laser spallation on biological films such as cells and bacteria
is a relatively newer field [22-24], thus these methods must be carefully examined to
determine the validity of the measurements. Biofilms have the potential to exhibit
membrane tension, a phenomenon that could influence adhesion measurements depending
on the location at which a measurement is recorded. Membrane tension arises from the
theory that biofilms, like cells, experience a homeostatic tension that changes in amplitude
with respect to distance from its edge [25, 26]. For example, on a membrane such as a
drum, tension is higher at the edges than in the center. The behavior of biofilms with
regards to membrane tension is unclear in the scientific community, arising in part from
the lack of appropriate experimental techniques to measure it. Therefore, one intention of
this study is to provide indirect evidence that biofilms do not behave like a drum in tension.
Because techniques like shear flow preclude probing multiple areas of the same biofilm,
the influence of membrane tension on macroscale adhesion measurements has not been
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possible [10, 27]. The laser spallation technique enables the measurement of multiple
locations across the entire biofilm and can determine the influence of membrane tension
on adhesion measurements.
In this study, the first systematic study of spallation region size with respect to
location for biofilms on substrates is performed. Streptococcus mutans is chosen as the
model biofilm due to its promotion of other pathogenic bacteria and its presence in failing
dental implants [28] and titanium is chosen because titanium and its alloys are the most
widely used materials in structural implants [29-32]. The methods described in this paper
can be employed by other investigators to deconvolute location bias due to membrane
tension within biological films or edge effects for synthetic films during laser spallation
testing.

3.2 Materials
3.2.1 Substrate assembly
Substrate assemblies are constructed identically as seen in Sec 2.2.1. Glass slides
(3”x1”x1.1 mm) coated one side with titanium (100 nm) and the opposite side with
aluminum (300 nm) (Deposition Research Lab, Inc.) are cut into 3 approximately square
pieces (1”x1”). The substrate is cleaned with a solution of 70% methanol in water and lens
paper. Each square of substrate is placed on a spincoater (Specialty Coating Systems:
Spincoat G3P-8) and the aluminum side is coated with approximately 2 mL of aqueous
sodium silicate, or waterglass (Fisher Scientific). The spincoater ramps to 3000 RPM over
5 seconds, dwells for 40 seconds, and ramps to 0 RPM over 10 seconds, resulting in a
waterglass thickness of 5 μm. The coated substrate is attached with silicone sealant (Dowsil
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732) to the bottom of a petri dish (diameter 35 mm) to completely seal a hole (diameter 25
mm), which is cut into the bottom of the dish. The titanium-coated side faces upward in
the dish so that the biofilm is grown on the titanium surface. The adhesive dries for at least
12 hours before adding media to the dishes. An example of a completed substrate assembly
is shown in Figure. 3.1 a and a substrate assembly with biofilm growth is shown in Figure.
3.1 b.

Figure. 3.1 Photographs of (a) complete substrate assembly and (b) assembly with biofilm
grown on the titanium surface. Both dishes are 35 mm in diameter with a hole of 25 mm in
diameter. Scale bar measures 10 mm. (Reproduced with permission from Kearns et al. [33],
Copyright (2020) ACS Publication).
3.3 Methods
3.3.1 Biofilm Growth Procedure
Five mL of Todd Hewitt Yeast broth (THY) is inoculated with frozen S. mutans
stock (wild type Xc [34]) in a 15 mL centrifuge tube. The inoculation is cultured in a water
bath at 37˚C for 24 hours. The mixture is diluted with additional THY, then vortex-mixed
to dislodge bacteria attached to the bottom of the centrifuge tube. The final mixture has an
optical density of 0.7 measured by a Thermo Scientific Genesys 30 Visible
Spectrophotometer. In a separate 15 mL centrifuge tube, 0.75 mL of a 2 M sucrose solution
is added to 15 mL of THY. Each substrate assembly is filled with 1 mL of S. mutans
inoculum and 3 mL of the sucrose and THY mixture. The final concentration of sucrose in
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each dish is 75 mM. Sucrose aids in formation of EPS and the sucrose solution chosen for
this study yielded the strongest adhesion rate when compared to four other sucrose
concentrations [35]. The inoculated dishes are placed in an incubator at (37˚C) for 24 hours.
After a day of growth, biofilms form on the titanium surface and the remaining liquid is
gently aspirated to avoid disturbing the biofilm. To measure thickness, the biofilms are
dyed with Syto9 (Thermo Fisher Scientific) and imaged using a Zeiss LSM 880 upright
multiphoton microscope. The z stack is processed using a commercially available biofilm
analysis plugin (IMaris). Biofilm thickness is approximately 21.5 μm with a standard
deviation of 2.3 μm.

3.3.2 Loading via Laser-Induced Stress Waves
The laser spallation setup consists of an Nd:YAG pulsed laser with wavelength of
1064 nm and a duration of 10 ns (Spectra Physics Quanta-Ray), a variable attenuator, a
focusing lens, and an angled mirror. Identical set up can be seen in Fig 2.2. The Nd:YAG
emits a single pulse in a top-hat radial profile, which passes through the variable attenuator
(Newport VA-BB series) to adjust the energy of each pulse. The pulse diameter is
controlled by a focusing lens and the pulse is reflected upwards by a 45˚ angled mirror.
Each substrate assembly is placed on a level sample holder that is oriented so that the pulse
hits the bottom of the substrate, the waterglass layer, first. The waterglass acts as a
confining layer, which amplifies the stress wave generated by impingement upon the
aluminum layer [20]. The compressive stress wave is reflected as a tensile wave through
the substrate and biofilm and, if the stress wave is of sufficient magnitude, causes the
biofilm layer to spall or eject from the titanium surface. The spall size is dependent on both
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the growth medium and the final loading fluence (energy per unit area), but the maximum
spall size is equal to the pulse spot size, which is set at a diameter of 2.2 mm for these
experiments. Each biofilm is loaded multiple times in a 4 mm spaced grid pattern across
the area of the biofilm by adjustment of micrometer-controlled translation stages (Thor
Labs). The standard for laser spallation procedures is to separate each spallation region by
at least 1.5 times the spot size. The spacing allows for approximately 2 mm between the
edges of two neighboring spallation regions to ensure no two regions overlap.
For this work, two distinct studies are performed: an iso-fluence study, in which
each biofilm is loaded at a consistent fluence, and a variable fluence study, in which each
biofilm is loaded multiple times at different fluences. The fluence values used to load the
biofilms for the iso-fluence study are 55.6 mJ/mm 2 and 79.4 mJ/mm2. In previous studies
on S. mutans biofilms, both fluence values resulted in consistent rates of spallation, which
allows facile spall size measurement [35]. For the variable fluence study, 6 biofilms are
loaded at fluence values of 15.9 mJ/mm2, 23.8 mJ/mm2, 31.8 mJ/mm2, 39.7 mJ/mm2, 55.6
mJ/mm2, and 79.4 mJ/mm2 resulting in a total of 69 loading locations. By testing over a
large range of fluences, the onset of spallation is captured. Isofluence experiments were
designed to determine if spotsize remains constant over entire biofilm surface, allowing for
determination of membrane tension effects. Since this study is one of the first to examine
the unusual failure propogation of bacterial biofilms, the variable fluence study will be
compared to failure propogation of previously examined non-biological films.
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3.3.3. Technique for spall size measurement and location
After loading, each spallation region is imaged with an Olympus SZ61 stereo
microscope with an LC micro camera attachment, then analyzed in ImageJ [36]. In ImageJ,
each image is converted from color to grayscale (Figure. 3.3 a and b), then a threshold is
applied to locate the darkest pixels in the image (Figure. 3.3 c). The image colors are
inverted by converting to binary, and all the black pixels are selected (Figure. 3.3 d), and
the area of pixels is measured. The area is then converted into the percentage of possible
spallation area, and that value is recorded. The image analysis process is shown in Figure.
3.3 and is performed for all 185 biofilm spallation regions included in this study. Following
measurements of loaded region failure size, centroid each biofilm was calculated once
again using ImageJ software. The distance from the biofilm centroid and the loaded region
centroid were measured in ImageJ as shown in Figure. 3.4. This distance allows for
accurate understanding if distance within the biofilm impacts failure propagation. This
experimental procedure for determining failure progression and distance from centroid was
developed by Kearns et al. [33]. While the results from this technique will be of interest in
this dissertation, the technique to quantify loaded region will not be.
When examining previous laser spallation experiments a significant number of
studies incorporate images of film failure by increased stress wave loading [12-16, 35].
Universally, this sequence of images indicates an increase in spall size with each increment
in laser fluence. This trend however had not been previously quantified. It is important to
validate the previously discussed technique across both biological and nonbiological films.
In order that similar failure progressions, associated with increased spall area, can be
confirmed. To demonstrate applicability of the approach to analyze spallation images for
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synthetic films, a procedure to quantify failure progression is applied to several films from
two prior spallation studies: gold films transfer printed onto functionalized silicon
substrates (55 loaded regions) [12], sol-gel films fabricated with a Pt/Ti superlayer to
impart higher tensile stresses to cause spallation (4 loaded regions) [14]. The image
analysis protocol outlined above is performed with the donated images from previous
studies and the trend of spall size increase is presented alongside results from this biofilm
study.

Figure. 3.2 Process of spall size measurement on a region loaded at a fluence of 79.4
mJ/mm2: (a) raw optical image, (b) image is converted to 8-bit, (c) threshold is applied to
locate darkest pixels, (d) image is converted to binary, and area of dark pixels is measured.
The area measured is 2.81 mm2, which corresponds to 73% of the possible spallation area.
Scale bar is 1 mm. (Reproduced with permission from Kearns et al. [33], Copyright (2020)
ACS Publication).
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Figure. 3.3 Optical image of a biofilm with 13 spallation regions loaded at a fluence of
79.4 mJ/mm2. The circular opening has a diameter of 25 mm, outlined in yellow with a
cross at the center. Cyan regions correspond to example spallation regions, and dashed
lines correspond to the distance between each spallation region and center. Areas of the
selected regions are as follows: ① 0.01 mm2 ② 2.08 mm2 ③ 2.08 mm2 ④ 2.09 mm2. The
distance of each region to the centroid of the biofilm is also measured: ① 7.15 mm ② 6.77
mm ③ 6.12 mm ④ 6.56 mm. In addition to the 13 spallation regions, of which 4 are
highlighted, other discolorations in the biofilm are a result of biofilm heterogeneity. The
scale bar measures 5 mm. (Reproduced with permission from Kearns et al. [33], Copyright
(2020) ACS Publication).
3.4 Results
3.4.1 Average spall size increases with increased laser fluence
As expected, the onset of film failure manifests differently depending on the type
of film that is loaded. Figure. 3.5 depicts the typical film failure progression for films
analyzed in this study, including: S. mutans biofilms, gold films, and sol-gel films. Failure
for gold and sol-gel films begins by delamination from the substrate and “wrinkling” of the
films. This “wrinkling” occurs at the onset of spallation for high-cohesive strength films,
but there are many differences between the three films compared including elastic modulus,
yield strength, and cohesion strength [37]. High cohesion is considered as a possible
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mechanism for varied failure propagation. Specifically, because thin metal films have been
proven to have much higher cohesive strength than adhesive strength [38]. However,
biofilms are a low-cohesive film [39]. While EPS has been shown to increase cohesion and
adhesion, bacterial biofilms are also designed to break apart to allow for further spread of
colonies [40, 41]. This lower cohesion results in the onset of failure is characterized by
spallation of the bacteria without apparent “wrinkling” in the film. At regions of the biofilm
with particularly low cohesive strength, cohesive failure has been observed surrounding
the spallation region. The failure region is more concentric for biofilms and increases in
size at increasing laser fluence. Failure for gold and sol-gel films evolves from wrinkling
into film spallation at higher fluences, but the failure region is more irregular, due to the
rupture of the films. As fluence continues to increase, all films exhibit spallation and an
increase in spallation region size until the spall size reaches the diameter of the loading
pulse. The maximum spallation region is equal to the loading pulse spot size. Thus, spall
size is presented as a percent of possible spallation area based on the laser spot size.
Average and standard deviation of spall size is calculated for gold films, sol-gel
films, and biofilms. The onset of spallation occurs at a different fluence for each film. At
relatively low laser fluences, less than 40 mJ/mm 2, biofilm rupture is infrequent and
average spall size is markedly small. Spall size of biofilms increases monotonically with
increasing laser fluence from 15.9 to 79.4 mJ/mm 2. The gold and sol gel films were tested
at different fluence ranges, 12.6 mJ/mm 2 to 55.2 mJ/mm2 and 63 mJ/mm2 to 112 mJ/mm2,
respectively. The failure progression at varying fluence values is noted by Figure. 3.6. It
is important to note that fluence is not directly comparable across experiments. Increased
fluence values result in increased interface stress, but the actual calibration of fluence to
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interface stress is dependent on several factors including energy absorbing layers, energy
confining layers, substrate composition, film properties, and film thickness [42]. As such
accurate comparisons are not achievable unless calibration is performed.
Because specific calibrations cannot be performed on all 3 films, or were not
provided for this study, a normalized range of fluence is applied to compare failure
progression more accurately. The graph shown in Figure. 3.7 is normalized, for all films,
to the initial fluence tested. The gold films, sol-gel films, and biofilms exhibit a percent
film failure in range of 0.73% to 70.6%, 0% to 25.4%, and 0% to 45.1% over their
respective fluence ranges. The normalized trend illuminates the similar failure modes
found in the gold and sol-gel films. Both films initiate with film wrinkling and the
measured spall size is very small. As fluence increases, wrinkling evolves into film rupture
and spall size increases. However, film failure in biofilms is initiated directly by spallation
and not a precursory “wrinkling” phenomenon.
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Figure. 3.4 Optical images of failure progression in different films. (a-d) Depict failure of
S. mutans biofilm cultured with 75 mM of sucrose, as fluence increases from 15.9 mJ/mm 2
to 79.4 mJ/mm2; the scale bar represents 500 μm, (e-h) depicts failure progression for
transfer printed gold film coated silicon substrate, from 9.99 mJ/mm 2 to 24.1 mJ/mm2; the
scale bar represents 500 μm, and (i-l) depicts the failure progression for sol-gel thin films
coated in Pt/Ti superlayer from 63 mJ/mm2 to 112 mJ/mm2; the scale bar represents 250
μm. (Reproduced with permission from Kearns et al. [33], Copyright (2020) ACS
Publication).
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Figure. 3.5 Scatter plots of percent spallation areas vs the fluence applied to each film. The
gold triangles depict the statistics for the gold film (data from [12]), the blue squares depict
the sol-gel film (data from [14]), and the red circles depict the failure for the biofilms tested.
All of the films show a monotonically increasing relationship as fluence increases.

Figure. 3.6 Scatter plots of percent spallation areas vs the normalized fluence applied to
each film. The yellow triangles depict the statistics for the gold film (data from [12]),
normalized from 12.56 mJ/mm2, the blue squares depict the sol-gel film (data from [14]),
normalized from 63 mJ/mm2, and the red circles depict the failure for the biofilms tested,
normalized from 15.88 mJ/mm2. All of the films show a monotonically increasing
relationship as fluence increases. (Reproduced with permission from Kearns et al. [33],
Copyright (2020) ACS Publication).

48

3.4.2 Membrane tension does not impact biofilm failure
During iso-fluence experiments, biofilms from 10 substrate assemblies are loaded
10-13 times each at either a laser fluence of 55.6 mJ/mm2 or 79.4 mJ/mm2. A total of 116
spallation regions are analyzed, which corresponds to 55 regions loaded at laser fluence
55.6 mJ/mm2 and 61 regions loaded at 79.4 mJ/mm2. A histogram of all spall size
measurements for biofilms loaded at either fluence is shown in Figure. 3.8. The average
and standard deviation of spall size for biofilms loaded at 55.6 mJ/mm 2 is 1.19 ± 0.38 mm2
(31.2% of possible spall size) and for biofilms loaded at 79.4 mJ/mm 2 is 1.69 ± 0.65 mm2
(44.4% of possible spall size). Spall size approximately follows a standard normal
distribution for both fluence values. On average, an increase in laser fluence by 43%
increases the spall size by approximately the same percentage, 42%. A two-sample
Student’s t-test confirms independence of the two populations of fluence data with respect
to spall size. The p-value is less than 0.0001, and thus is significant at that level.

Figure. 3.7 Histogram of percentage of possible spallation area for fluence of 55.6 mJ/mm 2
(black bars) and 79.4 mJ/mm2 (gray bars). (Reproduced with permission from Kearns et al.
[33], Copyright (2020) ACS Publication).
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On each biofilm, the centroid is located following image analysis protocol outlined
in Section 3.3.3. The spall size in percent of possible spallation area is plotted with respect
to distance from loading region to biofilm centroid in Figure. 3.9. The correlation between
the two variables is measured using the Pearson correlation coefficient (PCC) method,
which is advised for determining the relationship between two normally distributed
variables [43]. The coefficients measured are ρ = -0.0994 and ρ = -0.0933 for biofilms
loaded at 55.6 mJ/mm2 and at 79.4 mJ/mm2, respectively. The negative value for each
coefficient indicates a slight negative relationship between the two variables. However,
both PCC values fall within the 0.00 – 0.30 range, which Mukaka indicates as a negligible
linear correlation [43]. In contrast with these values, the PCC between loading fluence and
respective spall size is ρ = 0.6132, which indicates a moderate positive correlation. The
PCC was calculated using the linear portion of biofilm data shown in Figure. 3.7. Data for
regions loaded at a fluence below 30 mJ/mm 2 were excluded to include only non-zero
values for spall size. The number of loading locations at each loading distance is
approximately constant except for within the first 2 mm from the biofilm centroid. There
are fewer locations available for testing close to the center when compared to the number
of locations available further from the center. It is a spatial limitation due to the 4 x 4 mm 2
spacing of the loading locations.
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Figure. 3.8 Scatter plots of percent spallation area with respect to their location on the
sample for loading fluence of (a) 55.6 mJ/mm2 and (b) 79.4 mJ/mm2. Both graphs have ρ
values between 0 and 0.3 indicating no correlation in data. This is represented by no clear
monotonically increasing or decreasing trend visible across the data. (Reproduced with
permission from Kearns et al. [33], Copyright (2020) ACS Publication).
3.5 Discussion
After initial adhesion failure, an increase in laser fluence during variable fluence
experiments is found to lead to a ubiquitous increase in spall size across three films:
biofilms, gold films, and sol-gel films. The failure of these films presents differently; the
gold and sol-gel films exhibit rapid increase in spall area, while biofilms require greater
increases in fluence for similar increases in average failure area. Gold and sol-gel films
exhibit film failure first by wrinkling before eventual rupture. Wrinkling of the films
resulted in very small spall area values. For example, wrinkling in Figure. 3.5 f and j
indicate the film has delaminated from the substrate, but the detected spall size is
negligible. In contrast, biofilm failure presents as spallation directly without film wrinkling
(Figure. 3.5 b), which leads to gradual increases in spall area with increases in laser
fluence. Wrinkling at the onset of failure of metallic films loaded by laser-induced stress
waves is an established phenomenon [33]. The difference in failure mechanisms is
51

hypothesized to be associated with the cohesion of the film. High-cohesive films will tend
to wrinkle at the onset of failure, while low-cohesive films will directly spall. At higher
fluences, all three films experience spallation and display a convergence of film spallation
regardless of film cohesion, which quantitatively confirms the trend identified in several
publications [12-16].
Iso-fluence experiments are new in spallation literature. The mean spall size for
biofilms loaded at 55.6 mJ/mm2 is lower than that of biofilms loaded at 79.4 mJ/mm2.
Additionally, spall area measurements at each loading fluence are normally distributed.
The spread of spall sizes increases with increasing fluence, supporting the conclusion that
fluence is directly correlated to the respective spall size. However, the statistical variability
in spall area is quite large for biofilms. The range of areas loaded at 55.6 mJ/mm 2 (1% to
50%) is encompassed by the range of areas loaded at 79.4 mJ/mm 2 (0% to 85%). This large
variation is likely due to the inherent variability in interface strength of the biofilms, which
requires a higher number of tests to obtain statistical power. Through analysis of 116
images of loaded biofilm regions, no notable correlation between loading location and
respective spall size for either loading fluence was found. The absolute value of PCC is
less than 0.1 for both fluences, which indicates little to no relationship. Both loading
fluences obtained similar PCC values, providing evidence that there is negligible
correlation between the variables regardless of fluence. The slight negative correlation that
appears to be present is attributed to biofilm heterogeneity.
In order to determine effects of biofilm membrane tension, a protocol that measures
spall size with increasing laser fluence (variable fluence) and with respect to distance from
the biofilm centroid (iso-fluence). Streptococcus mutans biofilms on titanium substrates
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are loaded via laser-induced stress waves through the laser spallation technique is
presented. A total of 185 biofilm loading locations are analyzed in this study. Bacterial
biofilm spall size increases monotonically with laser fluence and apply our procedure to
failure of non-biological films, which include gold films and sol-gel films. Different failure
mechanisms are present among the three films, however, monotonic increases in spall area
with fluence is a consistent trend across film types. Spall size measurements are dependent
on the occurrence of film spallation. In films that present with “wrinkling” ahead of
spallation, little to no measurable spall size is possible at lower loading fluences. This
phenomenon deems adhesion strength measurements difficult through optical spall size
measurements alone. However, because biofilms present with spallation at the onset of film
rupture, the technique illustrated in this work is ideal for determining initial failure of
biological films.
Results from this study validate the use of laser spallation as an adhesion technique
for bacterial biofilms. The isofluence study confirms that failure of the biological films is
independent of region of loading. This result indicates that multiple loading regions can be
applied to a single bacterial biofilm and achieve the failure progression for an individual
biofilm. While failure progression is different when compared to higher cohesive films, the
increase in spall region still indicates validity of the technique for material.
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Chapter 4. Laser-induced stress wave propagation through smooth and roughened
substrates
4.1 Introduction
As previously mentioned in this dissertation several factors can modulate bacterial
biofilm adhesion. One major adhesion factor which is governed by implant surface
morphology is surface roughness [1-6]. While some researchers report an increase in
adhesion strength [4, 5] as assessed by laser spallation, others report a decrease [6]. During
these experiments, the effect of surface roughness on stress wave propagation is often
omitted. For example, Kandula et al. [4] studied the effects of increased surface roughness
on adhesion of poly-p-phenylenebenzobisoxazole, and reported the largest root mean
square surface roughness as 3.2 nm. While this magnitude of surface roughness might have
little impact on acoustic wave propagation, the assumption that an increase in surface
roughness by an order of magnitude, micron-sized roughness, should be addressed for
applications where micron-sized roughness is expected. Typical roughness of micron size
is often included on the design of orthopedic implantable devices.
The successful integration and adhesion of osteoblastic cells to medical implants is
vital for longevity and reduction of infections [3]. As such, the ability to accurately quantify
the adhesion strength of osteoblastic cells and medical device surfaces is crucial to develop
appropriate surfaces. The laser spallation technique has been employed to quantify the
adhesion of biological systems, specifically cell adhesion [7].
The high energy Nd:YAG used to initiate spallation can be employed for a variety
of systems, but to quantify the substrate stress profile generated from this laser, the free
surface velocity must be obtained, typically using a Michelson-type interferometer [8].
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Displacement measurements of this kind require a reflective surface; thus, roughened
surfaces pose a problem as they refract the light needed to acquire a sufficient signal.
Because of the adhesion effects of previously discussed surface roughness increases, it is
important, for the expanded use of the laser spallation technique, to develop a system that
allows for the continued use of a Michelson-type interferometer system to obtain substrate
stress profiles. This work looks to develop a technique which quantifies any effects of
micron sized surface roughness on stress wave propagation vital for the application of the
laser spallation technique to relevant implant surface adhesion [5, 9]. As such, the chosen
surfaces in this work represent smooth and rough commercial titanium dental implants.
Scanning electron microscopy (SEM) images of smooth and rough substrates appear in Fig
4.1. The surface roughness achieved is an average of 1.2 μm Ra, a common value for dental
implants [10, 11]. Preliminary calibration testing found that the roughened surface was
nonreflective, which precludes in situ interferometric signal capture during stress wave
loading. To overcome the nonreflective nature of the roughened surfaces, a modified
substrate systems with a reflective panel is constructed.
4.2 Materials
4.2.1 Substrate assembly reflective panel preparation
Substrate systems consist of 1 mm glass slides coated with a 100 nm layer of
titanium, to mimic dental implant surfaces, and 300 nm aluminum as an energy absorption
layer for the laser spallation process. Smooth and rough glass slides with titanium and
aluminum layers were purchased from Deposition Research Laboratory, Inc. Surface
roughness was confirmed by a Zygo white light interferometer. 6 locations were selected
in a grid pattern on 5 different substrates and surface Ra values were measured then
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averaged across all 30 locations. The average roughness of Ra = 1.22 ± 0.08 μm was
measured. The aluminum layer is coated in optically clear sodium silicate to confine the
compressive stress wave propagation towards the titanium-film interface, identical to
substrates seen in Boyd et al. [13]. A reflective panel consists of a 170 μm thick coverslip
(VWR micro cover glass No. 2), which is coated with 150 nm of aluminum by Lesker
physical vapor deposition (PVD), and adhered to the surface with a thin layer, less than 5
μm, of Norland 60 optical adhesive. Thickness of optical adhesive was determined by
measuring entire thickness of modified substrate assemblies and comparing to previously
known thicknesses of the substrate and reflective panel. The reflective panel is applied to
both the smooth and rough titanium samples. Consistent layer thicknesses across substrate
construction are crucial in order to obtain comparable stress wave results. Geometric
attenuation will occur when the reflective panel is applied to the substrate [14]. If the
reflective panels vary across samples, then the attenuation will also vary. Results from
inconsistent reflective panel application cannot be compared directly. Additionally, the
reflective panel should be constructed with acoustically similar materials as is found within
the substrate system. For this reason, glass cover slips with an aluminum film are selected
in this study. With both samples now reflective, the impact of the surface roughness on
stress wave propagation is quantified and compared to the smooth sample substrate.
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Figure. 4.1 Schematic of substrate assemblies with reflective panels. Components of the
reflective panel are indicated on the left schematic. Thicknesses of component layers are
not to scale. Representative SEM images of smooth (left) and rough (right) titanium
surfaces are included. Scale bars on SEM images are 100 μm. (Reproduced with permission
from Boyd et al. [12], Copyright (2020) AIP Publishing LLC).
4.3 Methods
4.3.1 Laser spallation stress wave loading
The substrate assemblies with reflective panels were inserted into our laser
spallation system, illustrated in Figure. 4.2. A single pulse Nd: YAG laser is attenuated
through a variable attenuator to control the energy of the laser. The laser pulse is then
focused from an 8 mm diameter down to a 2 mm diameter to facilitate multiple loading
sites on a single specimen. Each specimen is loaded approximately 5 times, and each
loading condition is conducted on 2 substrate assemblies with reflective panels. The
focused and energy-controlled pulse impinges upon the energy absorbing aluminum layer,
initiating plasma gasification, and converting the laser pulse into a compressive dilatational
wave [15]. The compressive wave propagates through the substrate before arriving at the
free surface. A Michelson-type interferometer measures the displacement of the free
surface during loading and subsequent reflection of the wave. The interferometer includes
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a continuous wave solid state diode laser of 532 nm wavelength. The continuous laser, after
collimation, passes through a beam splitter with half of the laser beam traveling to a fixed
mirror and the other half traveling to the surface of the reflective panel. The continuous
laser is aligned to the compressive stress loading location. The interferometer laser beams
reflect off their respective surfaces and recombine where the interference pattern is incident
upon a biased silicon photodetector (Electro Optics ET 2030). The photodetector is
connected to a high-rate oscilloscope (LeCroy WaveRunner 8404 M), which captures the
interference pattern at a sampling rate of 40 GS/s and transforms the change in light
intensity into a voltage trace. Doppler equations are applied to the voltage trace to obtain
surface displacement followed by constitutive equations to produce the substrate stress
profile following previously established protocols [4, 16-18].

Figure. 4.2 Laser spallation set up used for experiments. The orientation of a substrate
assembly with a reflective panel is shown with respect to Nd: YAG impingement and the
continuous wave laser of the Michelson-type interferometer. (Reproduced with permission
from Boyd et al. [12], Copyright (2020) AIP Publishing LLC).
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4.3.2 Stress wave calibration from smooth and rough titanium
This sequence of steps is represented in Figure. 4.3 by following the solid red line
beginning in Figure. 4.3 a where the voltage trace, V(t), is given by
V(t)=

+

* sin 2πn(t) , where Vmax and Vmin are the voltage maximum

and minimum repectively of each interference fringe. The interference fringe number, n(t)
is unwrapped and then converted to displacement (Figure. 4.3 b) using 𝑢(𝑡) =

( )

,

where 0 is the wavelength of the continuous wave laser, 532 nm. For a simple bi-material
interface, the evolution of the substrate stress is readily determined from the displacement
history using the principles of one-dimensional wave mechanics [4, 18] To ensure planar
wave generation, samples are restricted to a thickness less than two times the radius of the
spot size during loading [19]. This thickness requirement ensures longitudinal loading by
mitigating geometrical attenuation as the laser propagates through the substrate. The
distance between neighboring loading regions is set to 1.5 times the spot size and the
distance from the sample edge is set to the same length as the spot size. These spacing
requirements limit edge effects. The following analytic thin film equation for the substrate
1

du

2

dt

stress, sub (Figure. 4.3 c), is valid, σsub (t)=- (ρCd )sub

where (Cd)sub denotes the density

and dilatational wave speed of the substrate. For these experiments =2 500 kg/m3 and Cd=
4540 m/s are used as density and dilatational wave speed of glass, respectively . The largest
magnitude of the compressive stress wave is called the peak substrate stress, which is
averaged for each loading.
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Figure. 4.3 (a) Representative voltage curve obtained from the Michelson-type
interferometer under stress wave loading, (b) surface displacements, and (c) calculated
substrate stress profiles. Peak compressive substrate stress is the maximum stress value
recorded for each loading condition. Fluences of 79.4 mJ/mm2 and 55.6 mJ/mm2 are
denoted by red and gray, respectively. Smooth and rough surfaces are denoted by solid and
dashed lines, respectively. All interferometry data is collected on specimens with reflective
panels. (Modified with permission from Boyd et al. [12], Copyright (2020) AIP Publishing
LLC).
4.4 Results
4.4.1 Comparison of smooth and rough titanium substrate stress propagation
Spallation experiments employ an increasing range of laser fluence values to
accurately determine the minimum fluence needed to initiate ejection of the tested film. To
determine the impact of surface roughness on the substrate stress profile, with the limited
number of substrates with reflective panels created, effectively, two fixed fluences were
examined. A high fluence, the maximum fluence with a 2 mm spot size, 79.4 mJ/mm 2, and
a low fluence, 55.6 mJ/mm2. These fluences were selected to ensure that fluence values
critical to spallation were accounted for, and to ensure good repeatability with the limited
samples.
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Stress wave loading experiments were performed at the two fluences selected to
calibrate free surface displacement to velocity as demonstrated in Figure. 4.3. The
triangular shape of the compressive substrate stress profile is equable for both the smooth
and rough calibration samples at the lower and higher fluence values and is consistent with
the expected pulse shape in non-linear substrates like glass [8, 16]. The loading slopes
across each fluence and substrate configuration aligned very well indicating the micron
roughness has little impact on compressive stress wave propagation speed as expected.
The peak magnitude of the compressive substrate stress is likely to be more
sensitive than slope or shape to surface modifications since these values rely primarily on
the substrate material and not the interface. The peak compressive substrate stress value is
averaged across 10 loaded regions for each substrate configuration at each fluence and is
plotted in Figure. 4.4. The average ± standard deviation on smooth titanium at a loading
fluence of 79.4 mJ/mm2 is 1.16 ± 0.04 GPa, and on rough titanium is 1.14 ± 0.04 GPa. At
the lower fluence of 55.6 mJ/mm2, the average ± standard deviation on smooth titanium is
0.71 ± 0.07 GPa, and on rough titanium is 0.68 ± 0.05 GPa. It is important to examine peak
compressive substrate stresses at each fluence with respect to the same surface type, as well
as across different surface types, and the standard deviation of peak compressive substrate
stress.
The average peak compressive substrate stress increases by 63% on the smooth
substrates and by 68% on the rough substrates by increasing fluence from 55.6 mJ/mm 2 to
79.4 mJ/mm2. As fluence increases, the imparted compressive stress wave magnitude is
greater, and has been the mechanism by which laser spallation experimentalists have been
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able to determine adhesion strength of film-on-substrate systems [13, 16, 17, 20, 21]. This
important relationship is preserved with the reflective panel in place.
The average of the peak compressive substrate stress at the low fluence (gray bars
in Figure. 4.4) is nearly identical between the two different surfaces, which differ by 0.03
GPa, less than 3%. At the high fluence (red bars in Figure. 4.4), the result is the same; the
average of the peak compressive substrate stress between rough and smooth surfaces
differs by 0.02 GPa, less than 3%. A Student’s t-test confirms the two data sets cannot be
distinguished with p-values of 0.282 and 0.321 for fluences of 55.6 mJ/mm 2 and 79.4
mJ/mm2, respectively. Because the peak compressive substrate stress values for the low
and high fluences are indistinguishable based on surface roughness, the results obtained
from calibrations on smooth substrates are an adequate substitution for calibrations on
roughened substrates.
Analysis of the standard deviation of peak compressive substrate stress
demonstrated strong repeatability across each fluence. Standard deviation ranged from 0.04
to 0.07 GPa, which corresponds to the variation in peak compressive stress reported by
Grady et al. [16]. In that study, the standard deviation in peak compressive substrate stress
is 0.02 GPa to 0.07 GPa, which was recorded on 1.5 mm thick fused silica substrates loaded
at laser fluences between 14 and 50 mJ/mm 2. Further, the variation in peak compressive
substrate stress does not seem dependent on substrate type as observed in another study on
linear elastic silicon substrates, which had similar variance [22]. Thus, the standard
deviation of peak compressive substrate stress in this study is not altered significantly by
fluence or surface type, which supports rigor in sample preparation ensuring that the
addition of adhesive and coverslips were all of consistent thickness.
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Figure. 4.4 Average peak compressive substrate stress obtained during loading at a
fluence of 55.6 mJ/mm2 (gray) and 79.4 mJ/mm2 (red) on smooth (solid) surfaces and
rough (dotted) surfaces. Error bars represent standard deviation.
4.5 Discussion
The consistency in average peak compressive substrate stress across surface
roughness for both fluences tested and the similarity in variation in peak compressive
substrate stresses with other works, support the conclusion that the surface roughness used
in this study has minimal impact on substrate stress wave propagation. This result means
that the substrate stress profiles obtained on smooth samples can be used for calibration
with the spallation data obtained on the roughened titanium, overcoming the challenge to
collect interferometric data on a rough substrate [5]. Because of this finding, further
research can easily be conducted into adhesion of biological films onto medical implant
mimicking surfaces without the need for cumbersome calibration protocols.
The results of this study are compelling to describe the effect of single micron
surface roughness on laser-induced stress wave propagation. However, this study does not
66

guarantee that surfaces with larger average roughness values would yield the same result.
At some critical surface roughness above single micron roughness, it is assumed that air
will be trapped between film and substrate during film deposition due to high aspect ratio
surface roughness. This trapped air between film and substrate will act to dissipate the
stress wave. Thus, the comparison of adhesion measurements on high-aspect ratio rough
substrates verse smooth substrates will not be an equal comparison as the amplitude of the
stress wave will be attenuated. Similarly, as the planar compressive wave travels through
uneven surfaces, attenuation will occur as part of the loading wave will convert to a shear
wave, which is not captured by laser interferometry. At sufficient surface variations, a
significant portion of the wave would be scattered and become unfocused. This work
demonstrates that the roughness threshold is above 1.2 μm Ra, which is a relief to
experimentalists working in several key areas including medical devices. Because of the
significant disparity in scale between surface roughness and spot size, 1.2 μm compared to
2 mm, respectively, the loss from stress wave scattering is largely insignificant to the total
loading. As these values approach each other, the dissipation associated with the uneven
surface will be significant enough to deplete some of the stress wave magnitude. In that
case, other means for calculating the stress wave generated will need to be developed.
The results of this experiment are favorable in showing that minimal attenuation
due to micron-sized surface roughness occurs. Indicating that for future laser spallation
studies, calibrations for smooth reflective substrates are suitable for representing
roughened surface stress wave propagation. However, future tests will need to be
conducted when the magnitude of surface roughness increases, or when the spot size is
reduced significantly. This technique is still beneficial when the surface roughness leads to
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significant attenuation. For example, the ratio of the magnitudes of substrate stress waves
recorded on both smooth and roughened samples with reflective panels will yield a scalar
quantity of geometric attenuation. This ratio can be applied to the calibration data recorded
on unmodified smooth substrates to obtain the expected magnitude of substrate stress
generation on the roughened samples.
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Chapter 5. Biofilm and Cell Adhesion Strength on Dental Implant Surfaces via the
Laser Spallation Technique
5.1 Introduction
As previously discussed, the laser spallation technique is a suitable metric for
bacterial adhesion onto medical implantable devices [1, 2]. A major benefit for this
technique, especially when compared to more commonly occurring adhesion techniques is
the ability to directly compare quantified values. The laser spallation technique results in
adhesion strength as a stress indicating the strength of adhesion for a film to a surface [3].
This value can be compared across surfaces and more importantly across film types, and
specifically for this study across biological film types. The variety of testing methods,
including counting methods, AFM, and shear flow experiments, also gives rise to a lack of
consensus on the effects of surface roughness on bacterial adhesion. Some studies state that
roughness increases adhesion [4, 5], while other studies are unable to find a correlation [6,
7]. The lack of consensus on the effects of surface roughness on adhesion limits the
development of optimized implant surfaces. Another major problem with implant designs
is there is no approach that directly compares the adhesion strengths of bacteria and cells
on the same surfaces by the same technique. Previous adhesion techniques largely focus
on either bacterial film adhesion or cellular adhesion to relevant medical surfaces [8-11].
However, comparing the quantities of bacteria to cells adhered to a surface provides little
insight into any competition, as the number of bacteria which are adhered will greatly
surpass that of cells. Current biocompatibility standards including ISO-10993, the
biological evaluation of medical devices, does not prescribe the need for bacterial adhesion
testing of implanted devices [12].
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A direct comparison between cell adhesion to implant and biofilm adhesion to
implant could aid in the bioassessments of implants by quantifying the tradeoffs among
different surface parameters. A bio-adhesion assessment that compares the adhesion of
both bacteria and host cells onto implant surfaces is needed.
In this work, the laser spallation technique is employed to measure the adhesion
differential between bacterial biofilm and osteoblast-like cells on implant mimicking
surfaces. The laser spallation technique achieves macroscopic quantitative adhesion
measurements through localized stress wave loading which permits multiple loading
locations on the same film [2, 13-15]. The laser spallation technique is implemented to
compare the effect of implant surface characteristics on bacterial biofilm, and cell
monolayer adhesion in order to obtain quantitative adhesion measurements of each
biomaterial on rough and smooth titanium. Titanium roughnesses are chosen to mimic
those found on commercially available dental implants. The adhesion measurements for
both host cells and deleterious bacteria can be compared directly to obtain the Adhesion
Index, the ratio of cell adhesion to biofilm adhesion, which is presented for the first time.
The Adhesion Index is intended to be a quantitative metric for use in
biocompatibility screening of medical implant surfaces. The initial stage of medical device
implantation is the most vulnerable time for the development of bacterial infections [16,
17]. As such, early colonizing and initial cell adhesion are the main focus for this study.
Established growth protocols are used to test the baseline adhesion for both the bacterial
biofilm model and the host cell model. A single-species biofilm of Streptococcus mutans
is chosen as the bacterial biofilm, and MG 63 osteosarcoma cells are chosen as the cell
monolayer. S. mutans, a Gram-positive bacterium, is a major etiological agent of human
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dental caries that colonizes the oral cavity and forms bacterial biofilms [18]. Moreover, S.
mutans has been shown to stimulate the growth and adhesion of deleterious bacteria and
has been used in prior oral biofilm adhesion studies [6, 19, 20]. MG 63 osteosarcoma cells
display numerous osteoblastic traits that are typical of immature osteoblasts that would
adhere during osseous integration with the dental implant [21, 22]. Titanium is the current
standard in the dental implant industry for many reasons such as its biocompatibility with
bone and surrounding gum, high corrosion resistance, and its modulus of elasticity is
comparable to that of bone [23]. Thus, commercially pure titanium is used to mimic the
surface of a dental implant. Implant surfaces include roughened threading, to increase
osseointegration, as well as unroughened surfaces. Both smooth titanium and rough
titanium surfaces are selected, with measured average roughness, Ra= 1.2 μm, which falls
within the commercial standard range of Ra = 1-1.5 μm [7].

5.2. Materials
5.2.1. Substrate preparation
A complete substrate assembly is constructed to culture bacteria and cells while
maintaining the integrity of the energy absorbing and confining layers needed for laser
spallation [1]. Glass slides with one side coated with 100 nm of commercially pure
titanium, 99.995% titanium, and the other side coated with 300 nm of aluminum are
purchased from Deposition Research Laboratory Inc. (DRLI). The aluminum side of the
sample is used as an absorbing layer for the Nd:YAG laser. A second set of slides are
purchased from DRLI where the glass surface is sandblasted in order to achieve a uniform
roughness of 1.22 μm, then coated in thermally evaporated titanium. To confirm roughness
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a white light ZYGO interferometer measured the Ra value for 5 slides, across 6 locations
on those slides, resulting in an average 1.22 ± 0.08 μm roughness. Scanning electron
microscope (SEM) images of the substrate assemblies are compared to the surfaces of a
Straumann SLA dental implant in Figure. 5.1. Slides are cut into 1-inch x 1-inch squares
and the aluminum layer is coated in a layer of sodium silicate (waterglass) (Fisher
Chemical SS338-1) with a uniform thickness, 5.5 μm, using a Specialty Coatings System
G3P-8. These substrates are then adhered to the bottom of 35 mm Petri dishes with precut
holes, using vulcanizing bioinert silicone (Dowsil 732 Multi-Purpose Sealant).

Figure. 5.1 SEM images of (a,c) Straumann dental implant surface and (b,c) dental
implant-mimicking surfaces used in this study. Scale bars are 100 μm. (Reproduced with
permission from Boyd et al. [24], Copyright (2021) Elsevier).
5.2.2. Cell and biofilm culture
Streptococcus mutans (Wild type Xc) [25] is cultured in Todd Hewitt Yeast broth
(THY). S. mutans is cultured until an OD600 of 0.7 is obtained. The bacterial solution is
added into the Petri dish assemblies and diluted with a mixture of THY and 75 mM sucrose
for a final OD600 of 0.175. Inoculated substrate assemblies are cultured at 37 °C with 5%
CO2 and cultured for 24 hrs. Media is removed and the biofilms are gently rinsed with
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phosphate buffered saline (PBS) in order to remove any bacteria not colonized within the
biofilm.
MG 63 cells (ATCC CRL-1427) are cultured inside a cell culture flask with Eagle’s
Minimum Essential Medium (EMEM, ATCC 30-2003), 10% fetal bovine serum (FBS,
ATCC 30-2020), 1% penicillin streptomycin solution (ATCC 30-2300) until confluent.
The cells are then trypsinized and placed into an automatic cell counter. Cell concentrations
of 120k are then placed inside the Petri dish assemblies with more EMEM solution and
incubated at 37°C with 5% CO2 for 48 hours, until confluent. Bacteria and cells are cultured
separately onto our substrate assemblies before stress wave loading occurs. Immediately
before testing, the culture media is aspirated and the films are rinsed with PBS to ensure
the films are still hydrated during testing, and do not dry out. After stress wave loading,
biofilms and cells are dyed using Syto-9 (Thermo Fisher Scientific S34854) and Calcein
AM (Thermo Fisher Scientific L3224), respectively, in order to determine attachment of
the surrounding cells. Fluorescence staining by Syto9 is also used to determine biofilm
thickness. After staining, biofilms are then imaged using a Zeiss LSM 880 NLO upright
confocal microscope. Z-stacks are collected using the Nyquist function native to the
confocal which optimizes the number of slices needed per sample. Z-stack images are then
analyzed in biofilm thickness software, Imaris. The biofilms cultured on smooth titanium
had an average thickness of 21.4±0.61 μm, and biofilms cultured on roughened substrates
had an average thickness of 25.6±1.02 μm, across 6 samples, respectively.
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5.3 Methods
5.3.1 Laser spallation configuration and film loading
The laser spallation experimental setup used during biofilm and cell-substrate
adhesion measurements is shown schematically in Figure. 5.2 a. An Nd:YAG laser pulse
of 10 ns duration, wavelength of 1064 nm, with adjustable energy from 0 to 300 mJ, is used
to obtain film spallation. A laser pulse is focused to a 2.2 mm spot size and reflected to
impinge upon the backside of the substrate. Upon absorbing the laser energy, the sudden
expansion of the absorbing layer generates a compressive stress wave that propagates
towards the film on the front surface of the substrate. The wave then reflects at the thin
film free surface resulting in a tensile load onto the biomaterial-titanium interface. Though
localized heating will occur, the rapid onset of the acoustic wave causes spallation to
initiate before heat can impact relevant cells. Additionally, a gap the size of a single loaded
region is kept between each loading to ensure that any heat or acoustic wave would have
little to no impact on subsequent loading locations.

Figure. 5.2 (a) Schematic of laser spallation setup used during experimentation where ①
impingement of a single laser pulse ultimately initiates ② debonding of the biomaterial
within the loaded region. (b) Substrate assembly before culture of test biomaterial.
(Reproduced with permission from Boyd et al. [24], Copyright (2021) Elsevier).
Each substrate assembly is loaded at multiple locations by adjusting appropriate
translation stages. The substrate assembly, depicted in Figure. 5.2 b, and the experimental
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method of spallation testing are discussed in greater detail in Boyd et al. [1] and Kearns et
al. [2]. During spallation testing both biofilm and cell monolayers are loaded over a range
of fluences (7.93-79.4 mJ/mm2), which corresponds to 12-15 loading locations per test
film. The experiment is repeated 12 times for each of the four conditions: S. mutans biofilm
on smooth titanium, S. mutans biofilm on roughened titanium, MG 63 cells on smooth
titanium, and MG 63 cells on roughened titanium. Overall, over 100 loaded regions are
examined for each film, to determine fluence of failure. Failure is recorded when visible
concentric ejection of the film at the loaded region is observed. The failure rate of each
condition at each fluence is recorded, which is used to calculate the half-life and quantify
adhesion strength.

5.3.2 Stress wave calibration
Stress wave calibrations are performed to convert laser energy to loading stress.
Because biofilms and cells are nonreflective, in situ calibrations are precluded. Instead,
calibration experiments are performed directly on unmodified substrate assemblies
following previously described protocols [15, 26, 27]. At each laser fluence, laser
impingement and subsequent stress wave loading causes the surface of the substrate
assembly to displace. These surface displacements are measured with a Michelson
interferometer that includes a 532 nm continuous wave laser. Because the loading is rapid,
over tens of nanoseconds, traditional displacement measurement devices are inadequate. A
high-rate oscilloscope (LeCroy WaveRunner 8404 M) records the temporal voltage trace
from the Michelson interferometer via a silicon photodetector (Electo Optics ET 2030).
The voltage curve can be described by the equation,
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𝑉(𝑡) =

(sin 2πn (t) ) , (Eq.1)

+

where V(t) is the voltage, Vmax, and Vmin, are the voltage maximum and minimum, and n(t)
is the fringe number. From the voltage trace, the fringe number n(t) is unwrapped and
converted to displacement, u(t), using (Eq. 2) and the wavelength of the interferometric
laser, λ0 = 532 nm [28].
𝑢(𝑡) =

( )

(Eq. 2)

An example voltage trace for a single fluence and the corresponding displacement at that
fluence alongside displacements for two other fluence values is illustrated in Figure. 5.3 a
and b. In Figure. 5.3 b, lower fluence values result in less displacement when compared
to the displacement of the higher fluence, which is expected. For the example fluence
values of 39.7, 55.6, and 79.4 mJ/mm2, found in Figure. 5.3, the resulting maximum
displacement for these voltage curves is 2.39, 3.59, and 4.71 μm, respectively. For a simple
bi-material interface, the evolution of the substrate stress can easily be determined from
the displacement history using the principles of one-dimensional wave mechanics [26].
Thus, using the displacement history, density of material ρ, and speed of sound through the
material, Cd, the substrate stress profile, σsub, is obtained by Eq.3.
𝜎

= − (𝜌𝐶 )

(Eq. 3)

Figure. 5.3 c contains the substrate stress profiles obtained for the same three displacement
profiles shown in Figure. 5.3 b. An increase in laser fluence results in an increase in peak
substrate stress. For fluence values of 39.7, 55.6, and 79.4 mJ/mm 2, the example resulting
peak substrate stresses are 1.51, 2.15, and 2.26 GPa, respectively. The slope of the loading
substrate stress profile, i.e., the slope in the first 20 ns, for each fluence overlap each other,
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this result is expected since the slope is determined by the substrate material, glass in our
case.
In order to perform calibration experiments on the roughened titanium, thin cover
slips, 170 μm thickness (VWR micro cover glass No. 2), are adhered to the surface with
Norland 60 Optical Adhesive and then coated in 150 nm of aluminum by Lesker physical
vapor deposition (PVD) [29]. The same procedure is performed on smooth titanium
substrates and the substrate stress profiles are compared in Figure. 5.3 d. The shapes of
the measured stress pulses show good agreement at each laser fluence. Peak substrate stress
amplitude is equal at all fluences tested, varying by less than one standard deviation from
the smooth titanium calibrations. Thus, the substrate stress profiles revealed that the rough
surface had little to no measurable impact on wave propagation and thus smooth titanium
is used for accurate stress wave calibration [29]. By performing a set of calibration
experiments, the peak substrate stress at each fluence tested is measured and shown in
Figure. 5.4 as average and standard deviation of triplicate measurements.
Following the protocol developed by Kandula et al. [26] a modified equation for
peak interface stress, σint,peak, is derived using wave transmission and reflection coefficients,
𝜎

,

= −

(

)

𝜎

,

, (Eq. 4)

where αI is equal to the ratio of the acoustic impedance, defined as the density times the
dilatational wave speed, for the biofilm and titanium substrate, given as,
α =

. (Eq. 5)

The density and dilatational wave speed of cells and bacteria for our calculations are
assumed to be that of water, 997 kg/m 3 and 1500 m/s, respectively, consistent with the
works of other biomaterial researchers [30, 31]. The density and dilatational wave speed
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for commercially pure titanium are 4506 kg/m 3 and 6070 m/s, respectively. Through
replacement of ρ1=4506 kg/m3, ρ2=997 kg/m3, C1=6070 m/s, and C2=1500 m/s into Eq. 5
and substitution of αI into Eq. 4, the following is obtained:
𝜎

,

= −0.181𝜎

,

(Eq. 6)

Thus, the peak interface stress is directly related to the peak substrate stress measured
experimentally and determined by the loading laser fluence.

Figure. 5.3 Raw data is shown for (a) a typical voltage curve recorded during calibration
experiments at a high fluence, (b) the temporal displacement at a low, medium, and high
fluence, and (c) the associated substrate stress profiles calculated for the low, medium, and
high fluences. Low, medium, and high fluences correspond to 39.7, 55.6, and 79.4 mJ/mm 2,
respectively. Substrate stress profiles in (d) demonstrate the similarity between calibration
experiments on rough (dashed line) and smooth (solid line) substrates at a fluence of (i.)
55.6 mJ/mm2 in gray and (ii.) 79.4 mJ/mm2 in black. (Reproduced with permission from
Boyd et al. [24], Copyright (2021) Elsevier).
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Figure. 5.4 Average peak compressive substrate stress measured at increasing laser fluence
during spallation experiments. Error bars represent one standard deviation. (Reproduced
with permission from Boyd et al. [24], Copyright (2021) Elsevier).
5.4. Results
5.4.1 Stress wave loading of biological films induces concentrated film ejection.
S. mutans biofilms and MG 63 monolayers are loaded using the laser spallation
technique. The loading results in concentrated film ejection while leaving surrounding cells
adherent. The failure progression of each film tested is represented in Figure. 5.5. Images
in Figure. 5.5 row 1 are from unloaded regions of each film. Figure. 5.5 row 2 and 3
include images of loading locations at a fluence of 39.7 mJ/mm 2 and 79.4 mJ/mm2,
respectively. Loading of MG 63 cells on smooth titanium at 39.7 mJ/mm 2, row 2 column
1, results in film ejection while MG 63 cells on rough titanium at the same fluence, row 2
column 2, results in minimal film disturbance. Since the applied loading stress is the same
at the same fluence, the difference in film failure is a direct result of the difference in
adhesion strength. When comparing biofilm adhesion at the same fluence of 39.7 mJ/mm 2,
row 2 column 3-4, there is no film ejection. This difference indicates S. mutans biofilms
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have greater adhesion than MG 63 cell monolayers. Qualitatively, no noticeable effect on
film failure for S. mutans biofilms on either smooth or rough substrates was found. At very
high laser fluences, all films experience localized ejection (e.g., Figure. 5.5 row 3) while
maintaining attachment of the surrounding cells.

Figure. 5.5 Fluorescence microscopy of MG 63 cell monolayers (first two columns from
the left) and S. mutans biofilms (last two columns) of an unloaded region (first row from
top), a loaded region at a fluence of 39.7 mJ/mm 2 (second row), and a loaded region at a
fluence of 79.4 mJ/mm2 (third row). Yellow dashed line indicates the loaded region, 2.2
mm diameter. MG 63 cell monolayers and S. mutans biofilms are stained with Calcein AM,
and Syto 9, respectively. Scale bar is 0.5 mm. (Reproduced with permission from Boyd et
al. [24], Copyright (2021) Elsevier).
5.4.2. Adhesion strength determined by half-life failure statistics
Calibration experiments outlined in Section 5.3.2 convert laser fluence values into
interface stress for S. mutans and MG 63 monolayers. Failure statistics recorded at each
fluence across all replicates are plotted (Figure. 5.6) to determine the adhesion strength of
each film. In uniform homogenous films, the dichotomic presentation of film failure makes
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adhesion strength readily determined. However, the onset of film ejection, termed
spallation, occurs over a range of loading values instead of a single distinct interface stress
for biological films. For example, in Figure. 5.6 b, at an interface stress of 93.6 MPa,
approximately 19% of MG 63 cell monolayers on smooth titanium failed, while at an
increased stress of 256 MPa, 89% failed. Biofilms grown on rough titanium exhibited a
narrower onset of spallation and approached a more dichotomic relationship. The failure
statistics, F(σint,peak), are fit to a two parameter cumulative Weibull distribution function
[32] (Eq. 7). Weibull analysis, common in macroscopic adhesion analyses [6, 33],
calculates the half-life from a Weibull distribution, which is used as the adhesion strength,
similar to the protocol developed by Grady et al. [15].
𝐹 𝜎

,

= 1−𝑒

,

(Eq. 7)

The Weibull parameters, α and β, varied for each film condition and are included in Table
5.1 as well as the root mean square (RMS) difference between the experimental data and
the Weibull model. Weibull parameters are optimized to the lowest RMS value. The
Weibull model is interpolated to obtain the median value, the half-life, which represents
the adhesion strength. Due to low RMS difference between the experimental film failure
data and the Weibull model for S. mutans on rough titanium, asymptotic confidence
intervals are unrealistically small, thus variability in both film failure data and calibrated
interface stress were incorporated by using percentile bootstrap estimates by resampling
both interface stress and film failure data simultaneously 1000 times. The 95% Confidence
Intervals, 95% C.I., obtained from the 1000 iterations represent the range of plausible
values wherein the true median lies. This procedure incorporates the experimental error
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represented by the horizontal error bars in Figure. 5.6 into the confidence interval for the
median of the Weibull curve.

Table 5.1 Adhesion strength for each film condition, corresponding Weibull parameters,
and root mean square (RMS) difference between Weibull model and experimental data.
Percentile bootstrap estimates are used to produce the 95% confidence intervals listed in
parenthesis.
Adhesion
Film

Substrate

Strength

α Parameter

β Parameter

320

327.1

16.31

(304, 333)

(313.9, 337.6)

(9.07, 90.3)

332

334.5

60.44

(324, 343)

(327.2, 343.0)

(28.7, 473.6)

143

164.6

2.57

(114, 176)

(129.2, 197.2)

(1.8, 28.6)

292

301.3

11.74

(267, 306)

(268.1, 314.8)

(7.9, 382.3)

RMS

(MPa)
S. mutans

Smooth

S. mutans

Rough

MG 63

Smooth

MG 63

Rough

0.0473
1.3e-6
0.0382
0.0615

84

Figure. 5.6 Failure statistics for (a) S. mutans biofilms on smooth titanium (solid red
circles) and on rough titanium (open red circles) and (b) MG 63 cells on smooth titanium
(solid blue circles) and on rough titanium (open blue circles) at increasing interface stress.
Weibull models (smooth and dashed lines) are applied to interpolate the adhesion strength
at a half-life of 50% failure. Error bars are the standard deviation of the calibrated interface
stress at each point. (Reproduced with permission from Boyd et al. [24], Copyright (2021)
Elsevier).
5.4.3. S. mutans biofilms exhibit higher interface adhesion strength than MG 63
osteoblast-like cells
Adhesion of S. mutans on smooth titanium is much greater than adhesion of MG
63 cells on smooth titanium. A qualitative comparison of images before and after loading
for each film type from Figure. 5.5 reveals that the onset of spallation begins at lower
stresses for MG 63 monolayers on smooth titanium compared to S. mutans. Film spallation
has already occurred for MG 63 monolayers at a fluence of 39.7 mJ/mm 2 (272 MPa), while
no spallation is observed for S. mutans at the same loading magnitude. The disparity in
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adhesion becomes more evident with our quantitative analysis of failure statistics and
Weibull model in Figure. 5.6. The onset of spallation for MG 63 monolayers occurs at
loading stresses greater than 50 MPa and saturates at 100% failure at loading stresses
greater than 272 MPa. In stark contrast, a loading stress of 50 MPa does not induce
separation of S. mutans biofilms from smooth titanium substrates. Failure for S. mutans
does not occur until loading stresses reach 272 MPa and saturates at 100% failure at 387
MPa. The half-life value is obtained from the median value of the Weibull model for each
biomaterial and substrate combination. This half-life value is the adhesion strength and is
plotted in Figure. 5.7. S. mutans biofilm adhesion strength is two-fold higher when
compared to MG 63 cells adhesion strength on smooth titanium. MG 63 cells have an
adhesion strength of only 143 MPa, with a 95% C.I. of (114,176), and S. mutans has an
adhesion strength of 320, with a 95% C.I. of (304,333).

Figure. 5.7 Adhesion strength for MG 63 cells (blue) and S. mutans (light red) biofilms on
smooth (solid bars) and rough (hatched bars) surfaces. Surface roughness increases the
adhesion for MG 63 cells with no effect on the adhesion strength of S. mutans biofilms.
Adhesion Index, the ratio of MG 63 cells adhesion strength to S. mutans adhesion strength,
is shown in grey for smooth and rough surfaces. Errors bars represent the 95% confidence
intervals for all values. * p <0.05 and n.s. not significant. (Reproduced with permission
from Boyd et al. [24], Copyright (2021) Elsevier).
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5.4.4. Titanium surface roughness increases adhesion strength of MG 63 monolayers,
but not S. mutans biofilms
Similar to smooth titanium, the adhesion strength of S. mutans on roughened
titanium is greater than MG 63 monolayers on roughened titanium, but MG 63 cells
experience a greater increase in adhesion compared to S. mutans. This result appears
qualitatively through a comparison of loaded regions. For example, in Figure. 5.5 columns
2 and 4, images of MG 63 cells have very small regions where cells have ejected, whereas
images of S. mutans show no film ejection. However, when comparing columns 2 and 4
with the images taken on smooth titanium, columns 1 and 3, a greater difference in
spallation regions is observed for MG 63 monolayers. Additionally, when examining the
failure statistics, the onset of failure for MG 63 monolayers drastically increases from 93.6
MPa on smooth titanium to 272 MPa on rough titanium (Figure. 5.6). Whereas the onset
of failure for S. mutans only increases from 272 MPa on smooth titanium to 320 MPa on
rough titanium. The increase in surface roughness leads to an increase in adhesion strength
for MG 63 cells from 143 MPa, with a 95% C.I (114, 176) on smooth titanium, to 292
MPa, with a 95% C.I. (267, 306) on rough titanium, and a slight, but not significant,
increase in adhesion strength for S. mutans from 320 MPa, with a 95% C.I. (304, 333) on
smooth titanium to 332 MPa, with a 95% C.I. (324, 343) on rough titanium. The increase
observed for MG 63 cell monolayer adhesion is drastically higher than the increase
observed for S. mutans biofilm adhesion onto roughened titanium. These changes in
adhesion strength correspond to a 104% increase in adhesion strength of MG 63
monolayers and only a 4% increase for S. mutans biofilms when smooth titanium is
replaced by rough titanium. Bootstrapped alpha values are used to compute p-values for
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testing pairwise differences in alpha values. A statistical difference is calculated when
comparing the adhesion strength of MG 63 cells on smooth and rough titanium, p-value <
0.001, while no statistical difference is observed for the adhesion strength of S. mutans on
smooth and rough titanium, p=0.64. Additionally, the p-value when comparing the
adhesion strength of MG 63 cells and S. mutans on rough titanium is p=0.01. The level of
significance indicates that the surface roughness greatly modifies adhesion strength for MG
63 monolayers, while no significant effect is found for S. mutans adhesion strength.

5.4.5. Surface roughness increases the Adhesion Index of titanium
In Section 5.4.4, it is discussed that surface roughness affects adhesion of cell
monolayers more than the adhesion of biofilms. To quantify the trade-off between
increases in adhesion strength of cells and biofilms due to substrate modifications such as
surface roughness, the Adhesion Index is developed. The ratio of the adhesion strength of
cells (σcell) to the adhesion strength of biofilms (σbiofilm) is the unitless Adhesion Index that
describes which surfaces promote the adhesion of cells verses the adhesion of deleterious
bacterial biofilms (Eq. 8).
𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =

(Eq. 8)

The adhesion strengths of both films are combined into the Adhesion Index using
Eq. 8 and are plotted in Fig 5.7. When bacteria and cells are cultured onto smooth substrates
the Adhesion Index is measured at 0.451, with a 95% C.I. (0.267, 0.622). In comparison,
the Adhesion Index increases to 0.876, with a 95% C.I. (0.780, 0.932) when they are
cultured onto rough titanium substrates. Statistical comparison of the two Adhesion Index
values yields a p-value < 0.002, indicating a statistically significant difference between the
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two values. It is apparent by examining the Adhesion Index that roughening the titanium
surfaces has a greater impact on cell adhesion than biofilm adhesion.

5.5 Discussion
In this work, high-amplitude short-duration stress waves generated by laser pulse
absorption are used to spall bacteria and cells from titanium substrates. The substrates upon
which these films are cultured have been modified to directly compare the effect of
macroscopic surface roughness on adhesion strength of the biological films.
The laser spallation technique has unique advantages for studying the macroscopic
adhesion of biofilms due to its non-contact, localized, high strain-rate force applied to cause
film ejection. The laser spallation technique has previously measured the adhesion of
biological materials [1, 34-36]. Some of these studies fail to calculate interface stress for
the films of interest, thus adhesion strengths are not provided. The lack of calibration
experiments eliminates direct comparison of adhesion values, except for the studies
performed by Hagerman et al. and Nakamura et al. The former examined MC3T3
fibroblast cells plated on fibronectin (FN) coated and untreated polystyrene [35]. Adhesion
of MC3T3 cells increased from 22.6 MPa on uncoated polystyrene to 34.9 MPa on FN
coated polystyrene. Additionally, Nakamura et al. quantified the adhesion of bone marrow
cells onto acid etched titanium [36]. They found an increase in adhesion strength from
approximately 175 MPa, to approximately 225 MPa. While values are expected to change
based on cell type, surface, and culture conditions, the similar magnitudes measured
between studies validate the laser spallation technique as a suitable biological film
adhesion test. Additionally, the technique is suitable for parsing the minute differences that
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modifying implant surfaces can have on cellular and bacterial adhesion, especially when
compared to existing non-quantitative adhesion tests.
Several studies have determined the improved osseointegration associated with
increased surface roughness [21, 37-39]. Implant surface roughness results in greater bone
to implant contact and higher resistance to removal [40-43]. However, there is no general
consensus on the effect of surface roughness on adhesion of bacteria. For example, Aykent
et al. [4] and Duarte et al. [5], who studied S. mutans on dental resins, and Streptococcus
sanguinis on titanium, respectively, report that increasing roughness results in increased
adhesion. These studies employed counting methods to enumerate the presence of bacteria
adhered to the surfaces. These results contrast directly with Mei et al. [6], who studied S.
sanguinis on dental resins with atomic force microscopy and indicated that surface
roughness had no impact on bacterial adhesion. Similar roughness ranges of 1-2 μm were
investigated in the previously mentioned studies. The discrepancy within biomaterial
adhesion studies of surface roughness is the result of at least three factors: 1) the use of a
non-critical force adhesion measurement technique such as counting, 2) use of a micro or
nanoscale adhesion technique to describe macroscale adhesive behavior or 3) the
assumption that bacterial adhesion is the same as biofilm adhesion, which omits the
contribution of biofilm EPS towards adhesion. The lack of consistency in bacterial
adhesion studies impedes the design of implants and dental materials that deter bacterial
adhesion difficult, which could contribute to the significant rates of infection associated
with orthodontics.
In this study, the quantitatively measured adhesion strength for MG 63 monolayers
exhibited a statistically greater increase from smooth to rough titanium substrates,
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compared to S. mutans. This associated increase is readily quantified by examining the
Adhesion Index. The Adhesion Index value nearly doubles from 0.451 on smooth titanium
to 0.876 on rough titanium. If the bacterial adhesion to the titanium surface had increased
due to roughness by the same fold, then the Adhesion Index would remain constant.
Because of the drastic increase in cellular adhesion compared to bacterial adhesion it is
assumed that the roughened titanium surface in this study has a positive bio-adhesive
impact on the dental implant surface. This increase is most likely associated with the
differing size scale of cells and bacteria. The size of a single bacteria is on the order of
single microns, the much larger cells are on the order of a hundred microns or more.
Additionally, the EPS associated with S. mutans increases cohesion of the biofilm and
adhesion of more virulent bacteria but doesn’t greatly increase surface adhesion [44]. Thus,
the micron surface roughness increases the effective surface area of adhesion for cells on
a length scale within a cell’s grasp, while not impacting the initial bacterial surface
adhesion.
The implementation of an Adhesion Index that directly compares the adhesion of
host cells and deleterious bacteria, resulting in a nondimensional parameter, will help
weigh the effects of surface modifications on the relative adhesion strength between cells
and biofilms. Figure. 5.8 illustrates the guiding principles of the Adhesion Index. Values
much less than one are undesirable as it indicates favoritism of bacterial biofilm adhesion.
An Adhesion Index equal to one indicates that the adhesion strengths of cells and biofilms
are equal. An Adhesion Index greater than one is desirable because that indicates the
surface modification promotes cell adhesion over bacterial biofilm adhesion. While the
precise optimal values for the Adhesion Index would need to be further studied, it is very
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useful when comparing two existing known surface morphologies to determine which is
more likely to promote stronger cell adhesion than biofilm adhesion. Implementation of
the Adhesion Index within this study indicates a more desirable Adhesion Index for
roughened titanium over smooth titanium.
There are some limitations to this current study. The presented study only provides
a baseline Adhesion Index for a dental implant model of S. mutans and MG 63 cells on
smooth titanium and a baseline Adhesion Index of the same dental model on rough
titanium. Further studies should be conducted to determine target Adhesion Index values,
currently the metric only indicates increases or decreases in biocompatibility. Additionally,
the laser spallation technique precludes any co-culture experiments more common in
biocompatibility, and current tests are in vitro and should seek to mimic in vivo conditions
to accurately gauge implant response. The use of wave transmission and reflection
equations means that final adhesion strength is controlled by use of accurate material
properties.
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Figure. 5.8 An ideal Adhesion Index demonstrates a much higher adhesion of mammalian
cells than biofilms onto a surface. This result is mathematically written as an Adhesion
Index >> 1. (Reproduced with permission from Boyd et al. [24], Copyright (2021)
Elsevier).
In this study, the laser spallation technique is implemented to measure the adhesion
strength of S. mutans biofilms and MG 63 cell monolayers on titanium surfaces. The laser
spallation technique introduces a focused non-contact stress wave that detaches localized
cells and captures the macroscopic adhesion effects for each film. The titanium surfaces
selected simulate surfaces found on dental implants to determine the effects of surface
roughness on adhesion strength. Biofilms of S. mutans and MG 63 cellular monolayers are
cultured on smooth and rough titanium substrates. Each film-substrate combination is
loaded using the laser spallation technique to determine failure statistics at increasing
fluence values. Calibration experiments are performed using a Michelson type
interferometer to record the free surface displacement during stress wave loading. Wave
transfer equations are applied to calculate the interface stress and each loading fluence.
Bootstrapping methods are applied to Weibull continuous distribution function curves to
calculate the median, adhesion strength, value as well as the 95% confidence intervals. The
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ratio of adhesion strength values for S. mutans and MG 63 cells on the same substrates is
calculated to obtain the Adhesion Index values.
When titanium surface roughness increases, a significant increase in adhesion is
measured for MG 63 monolayers, 143 MPa, with a 95% C.I (114, 176), to 292 MPa, with
a 95% C.I. (267, 306), while a significant change in S. mutans biofilm adhesion is not
observed, 320 MPa, with a 95% C.I. (304, 333), to 332 MPa, with a 95% C.I. (324, 343).
The adhesion values for MG 63 monolayers and S. mutans biofilms are directly compared
to develop an Adhesion Index, which quantifies the adhesive competition between the
bacteria and cells on an implant surface. The Adhesion Index for smooth titanium is
calculated as 0.451, with a 95% C.I. (0.267, 0.622), and increases to 0.876, with a 95% C.I.
(0.780, 0.932), for roughened titanium. The nondimensional parameter, the Adhesion
Index, can help weigh the effects of surface modifications on the relative adhesion strength
between cells and biofilms, and hopefully improve the efficacy of medical implant designs.
The goal for this metric is to provide an additional predictor of a clinical outcome. This
metric will supplement existing measurements, including cytotoxicity, to provide insight
into the bacterial response associated with the designed implant surface.
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Chapter 6. Conditioning layers effect on bacterial adhesion strength for dental and
orthopedic implants
6.1 Introduction
Infections from medical implants, specifically orthopedic implants, can have
infection rates as high as 5% [1-3]. These infections stem from the proliferation of bacteria
into bacterial biofilms and in extreme cases can lead to loss of implant [4]. One problem
that continually eludes implant developers is creating surfaces which aversely impacts
bacterial adhesion while promoting attachment of healthy mammalian cells. Recent
advancements in adhesion techniques have allowed for quantitatively measuring the
adhesion strength of both bacterial biofilms and cell monolayers using the laser spallation
technique [5-7]. The direct comparison now possible allows for the effects of surface and
environmental characteristics to be understood and adjusted in order to achieve more
favorable adhesion results for cells. However, previous research in this area lacks in vivo
that would appropriately represent implant and wound healing environments. During
wound healing the first thing to contact an implant surface is blood [8, 9]. Since
conditioning layers play a significant role in the initial adhesion and proliferation for
biological process, specifically cell adhesion molecule attachments, including blood and
relevant proteins on surfaces during testing will lead to more representative adhesion
results. Specifically, blood plasma, the wound healing portion of blood [10, 11]. Blood
plasma is the liquid portion of blood and has several clotting factors essential to the wound
healing that occurs after implantation of devices. The main components that differ plasma
from serum is the lack of fibrin found in serum. Soluble fibronectin attaches to fibrin clots
and serves as a multifunctional adhesive glycoprotein that contains multiple binding sites
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for a number of macromolecules and surface receptors on a variety of cells [12]. The role
that both blood plasma and fibronectin play on cell adhesion is well documented and thus
should be considered during adhesion studies of orthopedic implant designs.
In this work, the laser spallation technique is employed to measure the adhesion
differential between two different bacterial biofilms and osteoblast-like cells on implant
mimicking surfaces with a conditioning layer of either blood plasma or fibronectin. Fig 6.1
illustrates the laser spallation process and detachment of biological film layer while
maintaining conditioning layer. The laser spallation technique achieves macroscopic
quantitative adhesion measurements through localized stress wave loading which permits
multiple loading locations on the same film [5, 6, 13]. The laser spallation technique is
implemented to compare the effect of implant surface characteristics and various
conditioning layers on bacterial biofilm, and cell monolayer adhesion in order to obtain
quantitative adhesion measurements of each biomaterial. Titanium roughnesses are chosen
to mimic those found on commercially available orthopedic implants. The adhesion
measurements for both host cells and deleterious bacteria can be compared directly to
obtain the Adhesion Index, the ratio of cell adhesion to biofilm adhesion [6]. The Adhesion
Index is intended to be a quantitative metric for use in biocompatibility screening of
medical implant surfaces. While the initial stage of medical device implantation is the most
vulnerable time for the development of bacterial infections [14, 15], examining the effect
these conditioning layers have on more prolific bacterial adhesion is also important. As
such both early colonizing and later arriving bacteria are selected for this study alongside
initial cell adhesion. Established growth protocols are used to test the baseline adhesion for
both the bacterial biofilm model and the host cell model. A single-species biofilm of

99

Streptococcus mutans and Staphylococcus aureus are chosen as the bacterial biofilm, and
MG 63 osteosarcoma cells are chosen as the cell monolayer. S. mutans, a Gram-positive
bacterium, is a major etiological agent of human dental caries that colonizes the oral cavity
and forms bacterial biofilms [16]. Moreover, S. mutans has been shown to stimulate the
growth and adhesion of deleterious bacteria and has been used in prior oral biofilm
adhesion studies [17-19]. S. aureus is one of the most prolific bacteria in biofilm formation
for orthopedic implants [1, 20-22]. S. aureus is a Gram-positive bacterium contributing to
a majority of skin and soft tissue infections [20, 22]. Although, S. aureus is most commonly
associated with infections which originate on the skin, highly invasive and life-threatening
infections are very commonly caused by s. aureus within implantology [22]. MG 63
osteosarcoma cells are commonly used in early adhesion studies due to the excellent
immature osteoblastic traits it mimics, display numerous osteoblastic traits that are typical
of immature osteoblasts, ideal for what would adhere during osseous integration with the
dental implant [23, 24]. Titanium is the current standard in the dental implant industry for
many reasons such as its biocompatibility with bone and surrounding gum, high corrosion
resistance, and its modulus of elasticity is comparable to that of bone [25]. Thus,
commercially pure titanium is used to mimic the surface of a dental implant. Implant
surfaces include roughened threading, to increase osseointegration, as well as unroughened
surfaces.
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6.2. Materials
6.2.1. Substrate preparation
In order to culture bacterial biofilms and cellular monolayers while maintaining
integrity of the energy confining layer essential to laser spallation, special substrate
assemblies are constructed. Substrate assemblies are identically constructed as appears in
Boyd et al. [6]. For this set of experiments roughened and smooth titanium are both used
in order to mimic a variety of surfaces found on common orthopedic implants. Glass slides
with one side coated with 100 nm of commercially pure titanium, 99.995% titanium, and
the other side coated with 300 nm of aluminum are purchased from Deposition Research
Laboratory Inc. (DRLI). The aluminum side of the sample is used as an absorbing layer for
the Nd:YAG laser. A second set of slides are purchased from DRLI where the glass surface
is sandblasted in order to achieve a uniform roughness of 1.22 μm, then coated in thermally
evaporated titanium. To allow for formation of conditioning layer human plasma and a
solution of fibronectin are separately physiosorbed onto the titanium surfaces. Human
plasma obtained from the University of Kentucky’s Biospecimens Core and diluted to 55%
with phosphate buffered saline (PBS) to mimic concentrations found within human blood.
Separately, 10 μg/ml of human fibronectin is dissolved in PBS to develop an appropriate
concentration of fibronectin to allow for full coverage of substrate surface. In order to
achieve the desired surface coverage, 1 ml of each solution is applied to the substrate
assembly and placed inside of an incubator for 1 hour, and then aspirated off.
6.2.2. Cell and biofilm culture
Streptococcus mutans (Wild type Xc) [26] is cultured in Todd Hewitt Yeast broth
(THY). S. mutans is cultured until an OD600 of 0.7 is obtained. The bacterial solution is
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added into the Petri dish assemblies and diluted with a mixture of THY and 75 mM sucrose
for a final OD600 of approximately 0.175. Inoculated substrate assemblies are cultured at
37 °C with 5% CO2 and cultured for 24 hrs. Media is removed and the biofilms are gently
rinsed with PBS in order to remove any bacteria not colonized within the biofilm.
Staphylococcus aureus is cultured in THY broth. S. aureus is cultured until an OD600 of
0.7 is obtained. The bacterial solution is added into the substrate dish assemblies and
diluted with a mixture of THY and 75 mM glucose for a final OD600 of approximately
0.175. Inoculated substrate assemblies are cultured at 37 °C with 5% CO2 and cultured for
24 hrs. Media is removed and the biofilms are gently rinsed with PBS in order to remove
any bacteria not colonized within the biofilm.
MG 63 cells (ATCC CRL-1427) are cultured inside a cell culture flask with Eagle’s
Minimum Essential Medium (EMEM, ATCC 30-2003), 10% fetal bovine serum (FBS,
ATCC 30-2020), 1% penicillin streptomycin solution (ATCC 30-2300) until confluent.
The cells are then trypsinized and placed into an automatic cell counter. Cell concentrations
of 120k are then placed inside the Petri dish assemblies with more EMEM solution and
incubated at 37°C with 5% CO2 for 48 hours, until confluent. Bacteria and cells are cultured
separately onto our substrate assemblies before stress wave loading occurs. Immediately
before testing, the culture media is aspirated and the films are rinsed with PBS to ensure
the films are still hydrated during testing, and do not dry out.
After stress wave loading, biofilms and cells are dyed using Syto-9 (Thermo Fisher
Scientific S34854) and Calcein AM (Thermo Fisher Scientific L3224), respectively, in
order to determine attachment of the surrounding cells. Additionally representative loaded
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biological films are inserted into an SEM to confirm that conditioning layers are still
present after loading while the relevant biological films have been removed.

6.3 Methods
6.3.1 Scanning electron microscope and focused ion beam
Substrate assemblies are placed inside of a scanning electron microscope after conditioning
layers were incubated, as well as after spallation of the biological films occurs. Substrates
are placed inside of scanning electron microscope (SEM) in order to determine conformity
of conditioning layer. It is important that a uniform layer is achieved in order for stress
wave generation to be considered constant across varying loaded regions. Energy
dispersive X-ray spectroscopy images, shown in Figure. 6.2, illustrate the full coverage of
the conditioning layers, both for fibronectin and plasma, by the total coverage of carbon
that exhibits on the surface.
Additionally, a focused ion beam is able to cut through the different conditioning
layers in order to get an average thickness measurement for both the plasma and fibronectin
pretreatments, as seen in Figure. 6.3. The thinner the conditioning layer the less impact on
stress wave propagation will occur. While the material properties between both the
conditioning layers and the biological films are similar enough that acoustic mismatch is
diminished, increased thickness could lead to geometric attenuation of the generated stress
wave. The thickness of the conditioning layers is shown to be on average less than 2 μm,
on both the smooth and rough titanium substrates.
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Figure. 6.1 SEM images taken of substrate assemblies with conditioning layers on top. A
representative plasma coating on smooth titanium, B representative plasma coating on
rough titanium, C representative fibronectin coating on smooth titanium, and D
representative fibronectin coating on rough titanium. Scale bar is 5 μm.

Figure. 6.2 SEM images taken FIB sliced through conditioning layer and substrate surface.
The bottom portion of each image is the glass with 100 nm titanium coating the surface,
with various conditioning layers coated on top A representative plasma coating on smooth
titanium, B representative plasma coating on rough titanium, C representative fibronectin
coating on smooth titanium, and D representative fibronectin coating on rough titanium.
Scale bar is 1 μm vertically in image.
6.3.2 Laser spallation configuration and film loading
The laser spallation experimental setup used during biofilm and cell-substrate
adhesion to condition layer measurements is shown schematically in Figure. 6.3. An
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Nd:YAG laser pulse of 10 ns duration, wavelength of 1064 nm, with adjustable energy
from 0 to 270 mJ, is impinges on substrate surface to achieve film spallation. A single laser
pulse is focused to a 2 mm spot size and reflected vertically to impinge upon the backside
of the substrate. Reflection and horizontal orientation of substrate is maintained to mitigate
any shearing from gravitational body forces. Upon absorption of laser energy, the energy
absorbing layer, 300 nm of aluminum, undergoes rapid plasma gasification resulting in a
compressive stress wave which propagates towards the film interface. The compressive
wave reflects at the thin film free surface resulting in a tensile load onto the biomaterialconditioning layer interface.

Figure. 6.3 Schematic of laser spallation setup used during experimentation where
localized impingement of a single laser pulse initiates detachment of biological film from
conditioning layer
Each substrate assembly is loaded at multiple locations by adjusting appropriate
translation stages. Additionally, a gap the size of a single loaded region is kept between
each loading to ensure that any heat or acoustic wave would have little to no residual impact
on subsequent loading locations. The substrate assembly, depicted in Figure. 6.3, and the
experimental method of spallation testing are discussed in greater detail in Boyd et al. [5]
and Kearns et al. [27]. During spallation testing both biofilm and cell monolayers are
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loaded over a range of fluences (8.60-85.99 mJ/mm 2), which corresponds to 12 loading
locations per test film.
The experiment is repeated 10 times for each of the 12 conditions: S. mutans biofilm
on smooth and rough titanium coated in plasma, S. mutans biofilm on smooth and rough
titanium coated in fibronectin, S. aureus biofilm on smooth and rough titanium coated in
plasma, S. aureus biofilm on smooth and rough titanium coated in fibronectin, MG 63
biofilm on smooth and rough titanium coated in plasma, and MG 63 biofilm on smooth
and rough titanium coated in fibronectin. Overall, over 120 loaded regions are examined
for each film, to determine fluence of failure. Failure is recorded when ejection of the film
at the loaded region is observed, over a majority of the loaded region. The rate ejection is
recorded at each tested fluence for each of the 12 conditions. Failure rates couples with
later calculated interface stress are used to form Weibull continuous distribution function
and obtain adhesion strength for each film.
6.3.3 Stress wave calibration
Stress wave calibrations are necessary in order to obtain loading stress from laser
energy. Because biofilms and cells are nonreflective, in situ calibrations are precluded.
Instead, calibration experiments, and substrate stress measurements, are performed directly
on unmodified substrate assemblies following previously described protocols [28-30]. This
technique specifically applied to biological films is discussed in great detail in Boyd et al.
[6], as well as necessary procedures for calibrating roughened substrate surfaces [31].
Previous equations discussed in Chapter 5.3.2 are once again performed to obtain peak
compressive substrate stress as according to specific loaded fluence values, the trend for
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this relationship is shown in Figure. 6.4. Similar trends observed in previous calibration
experiments are once again observed in these sets of calibrations [5, 6].

Figure. 6.4 Average peak compressive substrate stress measured at increasing laser fluence
during spallation experiments. Error bars represent one standard deviation.
6.4. Results
6.4.1 Stress wave loading of biological films retains conditioning layer onto surface of
sample
S. mutans and S. aureus biofilms, and MG 63 monolayers are loaded using the laser
spallation technique. The loading results in concentrated film ejection while maintaining
film integrity of surrounding surface. To ensure that failure measurements are occurring at
biological film-conditioning layer and not conditioning layer-titanium interfaces SEM and
EDS images were obtained ensure attachment of conditioning layer. Fig 6.5 a is the edge
of one of the loaded regions after spallation for MG 63 on a roughened titanium surface
coated in fibronectin. The still adhered cells are visible while a semi-circle of ejection can
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also be observed. When EDS is applied to the same location, concentration of carbon can
still be seen on the portion of the ejected regions. While more carbon is observed in the
surrounding region, due to the present cells and ECM, the carbon surface observed within
the loaded region indicates that the conditioning layer is still present after loading occurs.
Indicating that failure is occurring at the biological film-conditioning layer interface.

Figure. 6.5 A SEM image of failed region with MG 63 monolayer and conditioning layer
still intact after spallation. B is and EDS scan of the same image for presence of carbon.
Relative concentration of carbon is indicated by intensity of cyan. Scale bar is set to 100
μm.
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6.4.2. Adhesion strength determined by linear approximation
Calibration experiments outlined in Section 6.3.3 convert laser fluence values into
interface stress for S. mutans and MG 63 monolayers. Failure statistics recorded at each
fluence across all replicates are plotted (Figure. 6.6-6.10) to determine the adhesion
strength of each film. In uniform homogenous films, the dichotomic presentation of film
failure makes adhesion strength readily determined. In lieu of Weibull CDF analysis, as
outlines in Section 5.4.2, a linear approximation is applied to the ramp up of increasing
failure for the bacterial biofilms. An example region of interest is outlined in Fig 6.7.
During the ramp up phase of failure within a biofilm there is typically a linear region that
can be used to approximate the half-life, or 50% failure, value. This value is considered to
be the adhesion strength of the film. The error range in this case is the measured value both
above and below the 50% calculated value, since it is known that the true adhesion strength
value must lie within this range of values.

6.4.3. Conditioning layers reduce adhesion strength for S. mutans biofilms
In previous studies the adhesion of S. mutans on smooth and rough titanium was
statistically insignificant. With the conditioning layer for both plasma and fibronectin a
disparity can be seen between the two different surface morphologies. Once the
conditioning layers are added increased surface roughness leads to an increase in adhesion
strength for S. mutans. Graphically this is shown by the separation in the interface stress
values and failure percentages in Fig 6.6 and Fig 6.7. Additionally, when compared to
previous results of adhesion strength the conditioning layers result in a reduction of
adhesion strength. The linear approximation for adhesion strength for S. mutans adhesion
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strength to plasma coated titanium, both smooth and rough, was calculated as 136.5 MPa
and 237.6 MPa, respectively. While the adhesion strength for fibronectin coated titanium,
both smooth and rough, was calculated as 188.9 MPa and 266.4 MPa, respectively.
Comparison of adhesion strength values is plotted in Figure. 6.8. Previous experiments
calculated the adhesion strength for S. mutans on untreated titanium, smooth and rough, as
320 and 332, respectively.

Figure. 6.6 Increased interface stress results in higher percentage of film failure occurrence
regardless of surface morphology with a pretreatment of human plasma. S. mutans biofilms
exhibit stronger adhesion strength on roughened titanium (dashed red) when compared to
smooth titanium (solid red)
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Figure. 6.7 Increased interface stress results in higher percentage of film failure occurrence
regardless of surface morphology with a pretreatment of fibronectin. S. mutans biofilms
exhibit stronger adhesion strength on roughened titanium (dashed orange) when compared
to smooth titanium (solid orange)

Figure. 6.8 Adhesion strength values for S. mutans on titanium coated with plasma, red
bars, and fibronectin, orange bars. Titanium surface is both smooth, solid bar, and rough,
dashed bar.
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6.4.4. S. aureus presents weaker adhesion than S. mutans and MG 63, with no
dependance on surface morphology
S. aureus biofilms exhibited similar failure progression regardless of surface
morphology or surface conditioning. A control experiment was performed with
unconditioned titanium substrates, Figure. 6.9, and adhesion strength and failure occurs
similarly to both fibronectin and plasma treated surfaces, Fig 6.10, and Fig 6.11. Control
experiment on uncoated titanium yielded adhesion strength values of 136.9 MPa on smooth
titanium, and 140.3 MPa on roughened titanium using the linear approximation. When
linear approximations were applied to data in Fig 6.10 and Fig 6.11 adhesion strength
values of 127.4 MPa and 129.5 MPa, for plasma coated titanium, smooth and rough, and
132.9 MPa and 136.3 MPa, for fibronectin coated titanium, smooth and rough. All adhesion
strength values calculated for S. aureus are presented in Figure. 6.12. Overall S. areus
presents weaker adhesion strength when compared to bacterial biofilms of S. mutans and
cell monolayers of MG 63. Additionally, adhesion strength appears to remain constant
across all three surface coatings, and is also not modulated by surface morphology, unlike
S. mutans
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Figure. 6.9 Increased interface stress results in higher percentage of film failure occurrence
regardless of surface morphology for S. aureus. Biofilms exhibit similar adhesion behavior
regardless of surface morphology. Where roughened titanium (dashed green) when
compared to smooth titanium (solid green)

Figure. 6.10 Increased interface stress results in higher percentage of film failure
occurrence regardless of surface morphology for S. aureus. Biofilms exhibit similar
adhesion behavior regardless of surface morphology with conditioning layer of plasma
present. Where roughened titanium (dashed red) when compared to smooth titanium (solid
red)
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Figure. 6.11 Increased interface stress results in higher percentage of film failure
occurrence regardless of surface morphology for S. aureus. Biofilms exhibit similar
adhesion behavior regardless of surface morphology with conditioning layer of fibronectin
present. Where roughened titanium (dashed orange) when compared to smooth titanium
(solid orange)

Figure. 6.12 Adhesion strength values for S. aureus on uncoated titanium, green bars,
titanium coated with plasma, red bars, and titanium coated int fibronectin, orange bars.
Titanium surface is both smooth, solid bar, and rough, dashed bar.
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6.4.6. Conditioning layers increase cell adhesion
MG 63 on plasma coated roughened titanium exhibited the highest calculated
adhesion strength value of 267.2 MPa, from Figure. 6.13. This value is reduced from
previously calculated adhesion strength values of MG 63 on uncoated titanium, calculated
as 292 MPa [6]. However, this initial value is still larger than all calculated values of S.
mutans adhesion strength, and nearly double those calculated for S. aureus. Further
conditioning layers must be tested with MG 63 to validate this increase across conditioning
layers.

Figure. 6.13 Increased interface stress results in higher percentage of film failure
occurrence regardless of surface morphology for MG 63. Roughened titanium surface is
depicted with a dashed line.
6.4.7. Plasma conditioning layer result in an increase in Adhesion Index
In Section 6.4.6, we find that the plasma conditioning layer, on roughened titanium,
has a more positive impact on cell adhesion than for both of the biofilms tested in this
study. To provide a direct comparison and metric for biocompatibility that the conditioning
layers have for implantology previously discussed Adhesion Index is obtained [6]. The
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ratio of the adhesion strength of cells (σcell) to the adhesion strength of biofilms (σbiofilm) is
the unitless Adhesion Index that describes which surfaces promote the adhesion of cells
verses the adhesion of deleterious bacterial biofilms (Eq. 6.2).
𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =

(Eq. 6.2)

Because the conditioning layers resulted in weaker biofilm adhesion, we can see an
increase in Adhesion Index is obtained. The Adhesion Index for roughened titanium coated
with plasma is calculated as 1.12 for MG 63 and S. mutans and 2.03 for MG 63 and S.
aureus. The value greater than 1 indicates positive biocompatibility for the surface.
Additional tests must pe performed to get a better understanding of the impact conditioning
layers have on the Adhesion Index metric.

6.5 Discussion
In this work, the laser spallation is able to quantify the adhesion strength for
bacterial biofilms and cell monolayers affected by various conditioning layers. The highamplitude short-duration stress waves generated by laser pulse absorption initiate ejection
and detachment of bacteria and cells from titanium substrates coated in either human
plasma or fibronectin.
In this study, the linearized quantitatively measured adhesion strength for MG 63
monolayers exhibited a greater value for plasma coated titanium when compared to both
bacterial biofilms of S. mutans and S. aureus. This parameter yields Adhesion Index values
larger than 1 indicating positive biocompatibility. Because of this significant increase we
can assume that the preconditioning of implant surfaces allows for human osteoblastic cells
to attach and adhere more strongly during the wound healing process. The increase is most
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likely associated with an increase in relevant integrins which allow cells to adhere to
surfaces and the ECM generated. Integrins are a type of cell adhesion molecule that help
mammalian cells bind to extracellular matrix material.
The adhesion strengths of S. mutans and S. aureus are also markedly different.
Regardless of surface pretreatment or surface morphology the adhesion strength for S.
aureus remained constant. This trend indicates that other factors may contribute to
increased proliferation of S. aureus. Previous studies have noted the presence of
polysaccharide adhesins may play a larger role for adhesion when compared to the ECM
adhesins present on S. aureus [32]. While S. mutans is an early colonizing bacterium, S.
aureus is typically associated with later much more severe infections. Adding an early
colonizer for S. aureus to bind to instead of the single species biofilms generated in this
study could lead to more robust biofilm formation.
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Chapter 7 Dissertation summary
The ability to quantitatively measure the adhesion strength of bacterial biofilms and
cell monolayers was examined. The adhesion strength for bacterial biofilms and cell
monolayers was measured under varying surface conditions, including roughness and
existence of pre-conditioning layers, and environmental factors, such as presence of
nutrients. The laser spallation technique was adapted to measure interfacial adhesion,
adhesion strength, for the first time with bacterial biofilms, and cell monolayers. In all
cases increased fluence or interface stress resulted in increased failure and ejection of film.
First, the influence of sucrose on adhesion strength was examined. Increased
concentrations of sucrose were added to media supplied to S. mutans modulating the
adhesion strength of the films. Specialized substrate assemblies were constructed to allow
for culturing procedures for bacterial biofilms while preserving the integrity of relevant
energy absorbing and confining layers associated with the laser spallation technique. The
increase in sucrose concentration initially resulted in a monotonically increasing trend for
adhesion. While further increase of sucrose lead to over saturation and eventual decrease
in adhesion strengths. This experiment validated the use of the laser spallation technique
for use in bacterial adhesion studies and showed environmental factors modulate adhesion
strength.
Following the previous studies, further tests to validate the laser spallation
technique as a biological adhesion technique were performed. Including tests to determine
the effect of membrane tension on adhesion, and specialized calibration experiments with
roughened titanium surfaces. Images of failed regions post spallation were examined to
quantify area of failed region. This area was then plotted vs the distance to the centroid of
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the biofilm in order to determine if distance across the biofilm impacted adhesion
measurements. It was determined that regardless of position failure occurred at similar
fluence values, validating the use of the laser spallation technique across the surface of a
single biofilm. Additionally, roughened titanium calibration experiments were performed
to determine the impact of micron-sized surface roughness on substrate stress pulse
propagation, and to quantify any geometric attenuation. By constructing specialized
substrate assemblies with reflective panels attached, it was determined that the micronsized roughness did not greatly impact substrate stress wave propagation. Both of these
experiments further validated the use of the laser spallation technique as a relevant
biological adhesion technique and suitable for typical surfaces associated with
implantology.
Next the laser spallation technique was applied to both bacterial biofilm adhesion
as well as cell monolayer attachment to implant mimicking surfaces. Substrate assemblies
with smooth and rough titanium surfaces, typical of orthopedic implants, were cultured
with separate bacterial biofilms, S. mutans and cell monolayers, MG 63. The effect of
surface morphology was directly compared by quantifying the adhesion strength for both
films on either surface. The adhesion strength values were then compared to calculate the
non-dimensional biocompatibility metric called the Adhesion Index. It was found that the
typical surface roughness increased cell adhesion with no effect on bacterial adhesion,
noted by the increased Adhesion Index value presented.
Finally, preconditioning layers were applied to both smooth and roughened
titanium surfaces to understand the role of the bodies natural healing and ECM proteins on
the adhesion strength of bacterial biofilms and cell monolayers. This study expanded from
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dental focused models to include more generic orthopedic bacteria, mainly S. aureus.
Human plasma and fibronectin were used as coating relevant ECM proteins associated with
wound healing and cell proliferation. Uniform coatings were applied to both smooth and
roughened titanium and adhesion testing was conducted. Laser spallation experiments
resulted in lower adhesion values for S. aureus across the board when compared to S.
mutans and MG 63. Additionally, S. mutans experienced decreased adhesion strength
dependent on titanium surface morphology for both human plasma and fibronectin
coatings. The decreased bacterial adhesion strengths result in Adhesin Index values greater
than 1 for plasma coated roughened titanium surfaces.
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Chapter 8 Exploratory work and future direction
8.1 Effect of cell adhesion by preconditioning layer
Chapter 6 focuses on the impact of surface preconditioning on adhesion strength
for bacterial biofilms and cell monolayers. However, in this study only bacterial biofilms
are fully explored with regards to plasma and fibronectin. In order to complete this study,
and in order to achieve Adhesion Index measurements for the effects of plasma and
fibronectin further MG 63 testing must be conducted. Experiments will need to be carried
out to quantify the adhesion strength for MG 63 on plasma coated smooth titanium, and
fibronectin coated smooth and rough titanium. Once these experiments are carried out
accurate comparisons between both the cell monolayers and bacterial biofilms can be
performed. Additionally statistical analysis for the difference between the three films still
needs to be performed. The bootstrapping process is time consuming and still requires
some refinement to ensure accurate 95% confidence intervals will be obtained.
8.2 Comparison of laser spallation technique to shear flow and centrifugation testing
While the laser spallation technique is a suitable adhesion test for biological
samples, it is not a common one. The Adhesion Index is a non-dimensional metric and
should be representative regardless of adhesion technique. To validate this assumption, and
the universal usefulness of the metric, comparison to other more commonly associated
quantitative biological adhesion technique, mainly shear flow studies, is needed. Shear
flow experiments achieve detachment by generating a uniform shear stress across the film
of interest until detachment occurs. Typically, a single film is applied with an incrementally
increased shear flow until full film detachment is observed. A Poiseuille model is applied
to calculate the shear stress, dependent on fluid properties, dimensions of the flow chamber,
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and the volumetric flowrate applied to the film. Shear flow experiments should be
performed with similar surface morphologies and conditions previously outlined in this
dissertation in order for a similar Adhesion Index value to be obtained. The two Adhesion
Index values are then directly comparable to one another by mitigating the differing shear
stress, associated with shear flow experiments, normal stress, associated with laser
spallation experiments, and detachment force, associated with centrifugation experiments.
8.2.1 Possible hurtles to shear flow experiments
The substrate assemblies constructed in this dissertation allow for easily modified
surface conditions and biological culture while p[reserving relevant layers needed for
spallation, mainly absorbing and confining layers. Additionally, the culture and test bed
are one in the same so very low influence occurs from removal of media directly into
spallation set up. Unfortunately for shear flow experiments culture procedures typically
take place separately from the test bed, and films are solely able to be cultured on
microscope slides which fit within the test bed. This limitation makes selecting medically
relevant surfaces for comparison difficult. It is recommended that instead of titanium
surfaces, polyvinyl chloride, typically found within flexible medical catheters is used as an
initial test bed. This material choice will allow for more easily modulated test bed fixtures
which will be suitable for both laser spallation experiments as well as shear flow
experiments. Additionally, S. aureus should continue to be utilized along a new dermal
fibroblast model.
8.3 Laser spallation on PVC surfaces
One of the most common implant related infections is catheter associated
infections. Quantifying the impact of different catheter designs or coated catheters on
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adhesion and formation of bacterial biofilms is extremely relevant. Substrate assembly
dishes should be modified with PVC substrates in place of titanium coated glass slides.
Relevant S. aureus biofilms can then be cultured, and spallation experiments can be carried
out to determine the adhesion strength.
8.3.1 Potential hurtles to PVC experiments
Critical to the generation of stress waves within the laser spallation technique is an
absorbing layer and confining layer. Typically, aluminum coatings are used as an absorbing
layer and waterglass as a ubiquitous confining layer. Ensuring that a uniform layer of
aluminum and water glass are applied to the back side of samples of PVC is crucial for
uniform stress wave generation. Any separation of aluminum layer from sample can result
in varied stress wave generation and lead to inconsistent adhesion measurements,
independent of bacterial biofilm formation. Regardless of uniform layers associated with
laser spallation, PVC might not serve as a suitable substrate for stress wave generation. We
were unable to identify any experiments that have previously been performed using PVC
as a substrate in laser spallation experiments. To overcome this a stress wave generating
layer may need to be attached to the backside. The stress wave generating layer would
consist of aluminum coated glass which has proven to generate sufficient stress waves.
Coupled with very thin layers of PVC could lead to significant stress wave generation to
initiate spallation of biological films.
Separate from issues with stress wave generation is calibration of fluence to stress.
In order for the interferometer to accurately measure displacements, the surface being
displaced must be reflective. A layer will need to be attached to provide a reflective surface
for displacement measurements to be applied. Sputter coating of aluminum may provide
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sufficient reflective surfaces however the inherent surface roughnesses associated with
PVC vs glass slides may make the construction difficult or require much thicker layers of
aluminum compared to previously utilized coatings.
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